Sorption of orthophosphate and nonorthophosphate phosphorus by soils by Scott, Charles Owen
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1958
Sorption of orthophosphate and
nonorthophosphate phosphorus by soils
Charles Owen Scott
Iowa State College
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Inorganic Chemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Scott, Charles Owen, "Sorption of orthophosphate and nonorthophosphate phosphorus by soils " (1958). Retrospective Theses and
Dissertations. 1654.
https://lib.dr.iastate.edu/rtd/1654
SORPTION OF ORTHOPHOSPHATE 
AND KONORTHOPHOSPHATE PHOSPHORUS BY SOILS 
oy 
Charles Ox/en Scott 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
lia J or Subject: Soil Fertility 
Approved: 
In Charge of Major Work 
Head of Major Department
Dean of Graduat College 
Iowa State College 
1953 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
il 
TABLE OF CONTENTS 
Page 
I. INTRODUCTION 1 
II. REVIEW OF LITERATURE 4 
III. METHODS AND MATERIALS 10 
IV. EXPERIMENTAL PROCEDURE AND DATA 23 
v. EVALUATION OF DATA 63 
VI. DISCUSSION 91 
VII. SUMMARY 96 
VIII. LITERATURE CITED 99 
IX. ACKNOWLEDGEMENTS 102 
1 
I. INTRODUCTION 
The term "metaphospha t e11 has been used to describe 
calcium, potassium, and ammonium phosphate fertilizer mater­
ials in which the major part of the phosphorus is present in 
forms other than orthophosphate. Under proper conditions 
these metaphosphates react with water and are converted to 
the stable orthophosphate form. Recently it has been recog­
nised that these materials are usually not a single form, as 
might be implied by the term, me tapho sphat e. Rather, they 
consist mainly of salts of a mixture of different molecular 
species of phosphoric acids in which two or more phosphate 
groups are joined together by elimination of water, and in 
which the phosphate may exist in chain or sometimes in ring 
forms. Crowther and tfestman (195*0 have used the general 
term "condensed phosphates" to describe these forms. In the 
interest of brevity, however, the condensed phosphates present 
in so-called metaphosphate fertilisers will be referred to in 
this thesis as nonorthophosphates. 
Calcium m e tapho spha t e has been recognized as a fertili­
zer material for several years. It has been subjected to 
laboratory, greenhouse, and field tests on soils that are 
acid, neutral, and alkaline. Generally, crop response to 
this material on acid and neutral soils have been comparable 
to those obtained from the use of ordinary superphosphate or 
p 
from concentrated superphosphate where sulfur is not limiting 
(Rogers, Pearson, and Ensminger, 1953). On alkaline soils, 
however, calcium metaphosphate frequently is less effective 
than superphosphate (Tisdale and Winters, 1953). Potassium 
and ammonium metaphosphates have been subjected to the same 
tests, but the scope of the tests is probably not sufficient 
to make such generalised conclusions. 
In preliminary work and from the literature, indications 
were that phosphorus present as nonorthophosphate derived 
from the Tennessee Valley Authority (hereinafter abbreviated 
as T. V. A.) calcium metaphosphate was sorbed more strongly 
by soils than phosphorus present as orthophosphate. This was 
evidenced by amounts sorbed and not from any measurement of 
bonding energy. The preferential sorption of the nonortho­
phosphate form appeared to be greater in alkaline soils than 
in acid soils. 
Since the indications were that the soils exhibiting 
the greatest preferential sorption of nonorthophosphate over 
orthophosphate were in general the same soils on which the 
availability of calcium metaphosphate phosphorus was lower 
than that of superphosphate phosphorus, the hypothesis was 
developed that differences in the relative sorption of ortho-
phosphate and nonorthophosphate phosphorus among soils would 
account for the differential behavior of calcium metaphos­
phate and superphosphate as sources of phosphorus for plants. 
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A characterization of soils in respect to their relative 
sorption of these two types of phosphates thus appeared to 
provide a possible laboratory method for estimating the 
relative availability to plants of orthophosphate and non­
orthophosphate phosphorus. 
The primary concern of this thesis was centered in a 
search for a means of representing the sorption of ortho-
phosphate and nonorthophosphate forms of phosphorus by soils. 
A secondary objective was to investigate some factors that 
affect the relative sorption of these two forms of phosphorus. 
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II. K3VIKW OF LITERATURE 
The literature covering the general subject of phosphate 
fertilizers is voluminous; however, in recent years summaries 
and monographs have appeared which have contributed signifi­
cantly to an evaluation of the subject matter. Probably the 
most significant of these is a monograph edited by Pierre 
and Norman (1953). Much more work has been done with the 
fertilizers which are essentially orthophosphate than those 
designated as nonorthophosphate. The T. V. A. has been 
responsible for the interest created in the nonorthophosphate 
fertilizers through their product which has been termed 
calcium metaphosphate. 
Whereas the literature concerning the general subject of 
phosphate fertilizers is extensive, the subject of sorption 
of phosphates by soils has a more limited treatment, and 
comparisons of sorption of orthophosphate arid nonorthophos­
phate are even more restricted. Most of the literature that 
is concerned with this subject is of the nature of incidental 
observations rather than the principal item under investiga­
tion. 
A. Studies with Orthophosphate and Nonorthophosphate 
Phosphorus 
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Maclntire et al, (1937)> In a study of the chemical 
composition and properties of calcium metaphosphate ferti­
lizers, compared what they termed absorptions of the PO-^ 
and POlj. ions by a clay loam and by a red clay subsoil from 
dilute ammonium citrate solutions of the calcium metaphos-
phate product and monobasic calcium orthophosphate. Analyses 
of filtrates after a 1-hour agitation showed that the fixation 
of the monovalent PCy ions by both soil and subsoil was 
greatly in excess of the fixation of the trivalent PO^. ions. 
The respective fixations of POt, by the soil and the subsoil 
were 2.4 and 2.05 times the fixation of PO^. Fixation of 
the same order was found with aqueous solutions of the non­
orthophosphate and orthophosphate as was found with the 
citrate solutions. 
McG-eorge (1939), In an attempt to compare the relative 
fixation of orthophosphates and nonorthopho sphat es, conducted 
leaching experiments with solutions of the two forms. He 
concluded that the nonorthophosphate had undergone complete 
hydration during the time of its contact with the soil, since 
at no time during the leaching was nonorthophosphate detected 
in the leachate. 
G-illigan (19^1), in a study of penetration and avail­
ability of metaphosphates in soils, determined availability 
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immediately after pliosphating the soils and after periods of 
6 and 12 months during which the phosphated soils were alter­
nately wet and dried. Availability of phosphorus in the 
metaphosphate-treated soils after 6 months had increased over 
that at the time of mixing, while that of the soils receiving 
superphosphate and treble superphosphate had decreased. 
Availability after 12 months had not changed significantly 
from that at 6 months. 
Volkerding (1$42) studied the properties of the phosphates 
which were termed me tapho sphat e s, including some of the pro­
ducts of the ï. V. A. At that time he made a thorough review 
of the literature concerned with the metapho sphat e s. As a 
part of the doctoral thesis work, Volkerding conducted experi­
ments wherein n on o rthopho spha t e s were adsorbed from solutions 
by soils and clays. He concluded that the nonorthopho sphat e s 
were fixed or adsorbed by the clay suspensions to a greater 
extent than the orthophosphate at equivalent phosphorus con­
centrations. He reported that an appreciably greater reversion 
of nonorthophosphates to orthophosphates took place in the 
colloidal clay suspension than in the water or salt treatments 
employed In the studies. It was his opinion that colloidal 
clay accelerated the rate of hydration of the nonorthophos­
phates to orthophosphate. 
Schmehl _et al. (1955) found that the orthophosphate 
extracted by 0.5 M NaHCC^ (Olsen est al., l°5^-) Increased with 
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time in soil treated with calcium me ta.phosphate and decreased 
with time in soil treated with superphosphate. 
B. Studies with Orthophosphate Phosphorus 
Various methods have been proposed by several workers 
to determine the phosphorus-sorbing capacity of acid soils. 
Some of these methods are reported by Dean and Rubins ( 194*7), 
Piper (I94-7), and Bass and Sieling (1950). 
Lawton and Vomocil (1954-) measured the quantity of phos­
phorus removed by soils from a water solution of 100 p.p.m. 
using a 1:10 soil: solution ratio. They called the quantity 
of phosphorus fixed the phosphorus-fixing capacity. 
McAuliffe et al, (194-2), in a study of exchange reactions 
between phosphates and soils, developed the following relation 
for estimating "surface" phosphate in soils: 
P31(surface) = p32(surface) x p31(solution) 
P32(solution) 
Cole ejt al. (1953), In a study of the nature of phosphate 
sorption by calcium carbonate, measured the sorption of p3^-
from solutions of varying p31 concentration by two calcareous 
soils. They compared the quantities of p3^ sorbed with the 
quantities of p3^ found by the p32 equilibration method and 
found that nearly all the phosphate (p31) sorbed at lower 
concentrations was readily exchangeable with p32 in solution. 
Less than one-third of the phosphate sorbed at higher concen-
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trations was exchangeable. With increasing length of the 
initial reaction period, however, the phosphate sorbed from 
solutions of low concentration exchanged less readily with 
P32 in solution. 
C. Expressions of Orthophosphate Phosphorus 
Sorption 
The Freundlich isotherm has been used by Davis (1935) 
and Kurtz _et al. (194-6) to describe phosphate sorption data 
on soils. Low and Black (195°) and Russell and Low (195*0 
demonstrated that the sorption of phosphate from dilute 
solution by kaolinite obeyed the Freundlich equation. The 
compliance with the Freundlich equation was demonstrated by 
plotting the logarithm of the phosphate sorbed per gram of 
clay against the logarithm of the equilibrium phosphate 
concentration in solution. 
01 s en and v/atanabe (1957) presented a method to deter­
mine a phosphorus sorption maximum of soils as measured by 
the Langmuir isotherm. Sorption of phosphorus by soils from 
dilute solutions showed a closer agreement with the Langmuir 
isotherm than with the Freundlich isotherm. For a given 
surface area, acid soils held 2.17 times as much phosphorus 
as the alkaline soils. From a constant derived from slope and 
intercept values, it was interpreted that the acid soils 
retained more phorphorus per unit of surface area and also 
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held the phosphorus with a greater bonding energy than the 
alkaline soils. Average values for this constant were 0.92 
and 4.39 for alkaline and acid soils respectively. 01sen 
and Watanabe demonstrated that when phosphorus sorption data 
tend to follow both the Langmuir and Freundlich isotherms, 
it was preferable to use the Langmuir isotherm so that a 
sorption maximum could be calculated. 
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III. METHODS AND MATERIALS 
A. Sources of Phosphorus 
The sources of phosphorus used in these investigations 
were fertilizer materials produced and supplied by the T. V. A. 
and reagent-grade chemicals of the Allied Chemical and Dye 
Corporation. The materials used and their descriptions supplied 
by the T. V. A. are given in Table 1. 
Table 1. Phosphate materials supplied by the T. V. A. 
Lab. No. 
Chemical composition, ner cent 
p2°5 
Vfat er 
Total Available soluble CaO 
Concentrated superphosphate, 0-49-0 
54-,o50 51.1 49.4 46.2 23.4 
Calcium metaphosphate, 0-59-0 
54,651 62.5 59»o — 27.9 
Ammonium m e tapho spha. t e, 16-72-O N 
27,078 73.2 72.7 55.7 16.3 
Reagent-grade chemicals produced by the Allied Chemical 
and Dye Corporation were monobasic calcium orthopho spha t e, 
monobasic ammonium orthophosphate, sodium metapho sphat e, and 
monobasic sodium orthophosphate. A vitreous calcium meta-
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phosphate was prepared by heating the reagent-grade monobasic 
calcium orthophosphate in a platinum dish to I9OO0 F. and 
pouring the melt into a flat aluminum pan floating on water. 
The quenched product was a clear, colorless glass, which was 
ground to the size desired. 
B. Preparation of Solutions 
The preparation of solutions from the metaphosphate 
forms was accomplished by placing approximately 10 g. of the 
phosphorus source in a flask with 200 ml. of water and keeping 
the flask 48 to %2 hours in a refrigerator at 5° C. The flask 
was shaken occasionally during this period. The solution then 
was separated from the solid residue and was analyzed for 
orthophosphate phosphorus and total phosphorus. Orthophosphate 
solutions were prepared in a similar manner but without 
refrigeration. 
To prepare a viscous phase from the vitreous calcium 
metaphosphate, the vitreous material was placed in a sintered 
glass crucible in a beaker, and a column of water was allowed 
to pass slowly through it. As soon as the column of water 
passed through the plate, it was reintroduced to the crucible 
and allowed to pass through again. Temperature was maintained 
at 5° C. After several days the viscous phase appeared and 
fell in drops to the bottom of the beaker. By proper choice 
of the water to metaphosphate ratio, most of the phosphate 
appeared in the viscous phase. The viscous material vas 
mixed with water to obtain a solution in approximately the 
same manner as was used to obtain the other metaphosphate 
solutions. 
C. Analysis of Solutions 
Two separate aliquot s of each solution to be analyzed 
were taxen. One aliquot was analyzed immediately by the 
Dickman and Bray (194-0) procedure for orthophosphate phos­
phorus. The other aliquot was made approximately 3 H HC1. 
The solution to which the acid was added was heated on a steam 
plate at 90 to 95° C. for a period of 2 hours, cooled, and 
diluted with water to a specified volume; an aliquot of the 
solution was analyzed by the Dickman and Bray procedure for 
orthophosphate phosphorus. From these analyses two values 
were obtained. The value obtained after treatment with the 
acid and heat represented the total phosphorus present; the 
other value represented the orthophosphate phosphorus present 
in the original solution. The difference between these two 
values was taken as the amount of nonorthophosphate phosphorus 
present. 
In using the Dickman and Bray procedure to determine 
orthophosphate phosphorus in the presence of nonorthophosphate 
phosphorus, it was necessary to ascertain if appreciable con­
version of nonorthophosphate to orthophosphate took place while 
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the analysis was being conducted. To accomplish this, three 
solutions containing both nonorthophosphate and orthophosphate 
and one containing only orthophosphate were analyzed as 
follows for orthophosphate. 
Using the Dickman ana Bray procedure for determining 
orthophosphate, analyses were made at different time intervals 
after the addition of different concentrations of HC1 to the 
samples so that the effect of the added acid upon the conver­
sion of the nonorthophosphate to orthophosphate could be 
determined. The Dickman and Bray solution is approximately 
3.5 li to H CI, and 5 ml. of this solution were used for these 
analyses. The final volume was 25 ml., and the resultant 
normality of the solutions being analyzed was approximately 
0.7 N to HC1. Sufficient HC1 was added to the above four 
phosphate solutions so that the resulting normality was 
approximately the same as that in the Dickman and Bray 
ammonium molybdate solution. These samples and others to 
which no HC1 had been added were analyzed as well as samples 
to which higher concentrations of HC1 had been added. The 
results of these analyses are given in Table 2. 
Since even after 4-5 minutes in a solution 0.8 N to HC1 
there was no appreciable conversion of the nonorthophosphate 
to orthophosphate, it appeared that conversion during analysis 
was of no consequence. The Dickman and Bray procedure requires 
the solution containing phosphorus to be in contact with the 
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Table 2. Analysis for orthophosphate phosphorus in the 
presence of nonorthophosphate phosphorus 
Solution Acid 
concentration 
Time 
jig.P/10 ml. 
orthophos­
phate 
Total 
Monobasic calcium 
o rthopho sphat e 
None added 
None added 
None added 
0 
45 
12 
min.  
hours 
6.64 
6 .64 
6 .64 
b. 64 
O.ë N 
0.8 K 
0.8 N 
0 
45 
12 
min. 
hours 
6.64 
b. 6o 
6.64 
3 N 30 rain.  6 .64 
T. V. A. ammonium 
metaphosphate 
None added 
Hone added 
None added 
0 
45 
12 
min. 
hours 
0.98 
1.02 
1.02 
5.56 
0.8  N 
0.8 N 
0.8 H 
0 
45 
12 
min. 
hours 
0.98 
1.02 
1.^4 
3 N 30 min. 1.10 
T. V. A. calcium 
me tapho sphat e 
None added 
None added 
None added 
0 
12 
min. 
hours 
0.85 
0 .85 
0 .83 
3 .76 
0 .8  N 
0.8 N 
0.8 ÏÏ 
0 
45 
12 
min. 
hours 
0.85 
O .83  
I .90  
3  N 30 min. 0.85 
T. V. A. calcium 
metaphosphate 
None added 
None added 
None added 
0 
12 
min. 
hours 
1.28 
1.30 
1.26 
4.08 
0.8 N 
0.8 N 
0.8 N 
0  
45 
12 
min. 
hours 
1.30 
1 .32 
2.20 
3 N 30 min. 2.04 
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acid solution for only about 15 minutes. 
To examine the validity of total phosphate phosphorus 
analyses by the method outlined above, it was necessary to 
ascertain if conversion of nonorthophosphate to orthophos­
phate was complete in the presence of a solution of 3 K to 
HC1 maintained at a temperature of approximately 95° 0. for 
2 hours. To accomplish this the same solutions as above were 
analysed after different periods of heating on a steam plate 
and in direct steam. The results are given in Table 3. 
It appears from Table 3 that hydrolysis was as nearly 
complete after only 15 minutes heating on a steam plate at 90 
to 95° 0. as after 5 hours in direct steam at 98 to 100* C. 
From this evidence it was considered that the 2-hour heating 
period of solutions 3 N to HOI was sufficient to produce com­
plete conversion of the nonorthophosphate phosphorus to the 
orthophosphate form. 
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Table 3« Crtiiophosphate phosphorus present after 
different heat treatments of a 3 N hydrochloric 
acid solution originally containing phosphorus 
in nonorthophosphate form 
Orthophosphate P, 
Solution Temperature Time jig./lO ml. 
Monobasic calcium 
orthophosphate 
T. V. A. ammonium 
metapho sphat e 
T. V. A. calcium 
metaphosphat e 
T. V. A. calcium 
metaphosphate 
Steam plate 0 
go to 95* c. 15 
60 
2 
Direct steam 5 
95 to 100° C. 5 
Steam nlate 0 
90 to 95° C. 15 
60 
Direct steam 5 
92 to 100° C. 5 
Steam elate 0 
90 to 95° C. 15 
60 
Direct steam 5 
90 to 100° c .  5 
Steam plate 0 
90 to 95° C. 15 
60 
2 
Direct steam 5 
98 to 100° C. 5 
min. 
min. 
hours 
6.64 
6::l 
6.64 
hours 
hours 
6.64 
6.56 
min. 
min. 
hours 
1.02 
5.4o 
5.56 
5.56 
hours 
hours 
5.56 
5.40 
min. 
min. 
hours 
0.25 
3 .80 
3.76 
3.76 
hours 
hours 
3.84 
3.76 
min. 
min. 
hours 
1.28 
4.16 
4.16 
4.08 
hours 
hours 
4.08 
4.08 
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D. Soils 
The soils used In these investigations were obtained 
from several different sources, and these are acknowledged 
at the close of Tables 4- and 5 which give the descriptions 
of the soils. The description of some of the soils includes 
a number that was assigned to the sample in previous experi­
mentation. Samples preceded by an "F!l are cataloged at Iowa 
State College. The other numbers refer to U. S. Department 
of Agriculture numbers for soils used in 1952 with the Uniform 
Phosphate Experiments (Dean, 1952) conducted in various parts 
of the United States. 
S. Soil Characterization 
The following methods were used in obtaining the descrip­
tion of soils as given in Tables 4 and 51 
1. pH of saturated paste 
Measurements of pH were made as given in the procedure 
for pH reading of saturated soil paste in U. S. Department 
of Agriculture Handbook No. 60 (Richards, 1954-). 
2. Ethylene glycol adsorption 
Ethylene glycol retention was measured by the method of 
Bower and G-schwend (1952). 
Table 4. Soils used in sorption experiments with solutions of orthophosphate and nonorthophosphate 
phosphorus 
Soil type State 
Sample 
number 
pH of 
sat. 
paste 
Ethylene 
glycol 
sorption,a 
mqm. /q. 
NaHCOg 
extractable 
phosphorus, 
uq./q. soil 
Labile soil Pa 
24 hrs. at 22°C. , 
uq./q. soil 
1. Elliot silt loam*3 111. 52590 4.7 45.4 6.0 11.8 
2. Huff loam'3 No. Dak. 52570 7.5 61.6 7.2 14.5 
3. Monona silt loam*3 Iowa 52565 7.1 52.2 8.3 16.9 
4. Edina silt loam*3 Iowa F-2103 6.1 45.9 7.8 19.9 
5. Grundy silt loam'3 Iowa F-2111 6.2 75.7 6. 6 26.2 
6. Clyde silt loam'3 Iowa F-2123 6.2 51.7 5.4 21.3 
7. Ida silt loamc Iowa 7.6 47.3 3.0 2.1 
8. Webster silt loamc Iowa 7.0 88.9 8.5 16.7 
9. Seymour silt loam0 Iowa 5.4 57.0 4.5 15.9 
1G. Carrington silt loam0 Iowa 52568 4.9 21.8 5.4 3.9 
11. Cecil sandy loam'3 Ala. 5.0 11.8 11.0 13.6 
12. Edina silt loamb Iowa 52567 5.1 46.5 8.3 17.3 
13. Fargo silty clay loamb Minn. 52583 7.6 95.1 6.6 16.3 
14. Lloyd clay loamb Ga. 6.1 23.9 12.7 30.7 
15. Muscatine silt loamb 111. 52539 5.1 40.0 5.7 26.1 
16. Cheyenne fine sandy loamb No. Dak. 52569 6.6 31. 7 7.6 12.5 
17. Seymour silt loamb Iowa 52566 5.6 51.0 15.8 29.5 
18. Sagemoor loam^ Wash. - - 7.5 22.7 4.7 4.5 
19. Weld clay loam^ Colo. 7.6 48.1 6.4 8.7 
20. Ft. Collins loam (l)^ Colo. 7.0 34.6 300 170 
21. Ft. Collins loam (2)^ Colo. — — 7.4 44.2 8.4 13.3 
22. Larimer fine sandy loam^ Colo. — — 7.8 40.3 6.4 4.0 
23. Ft. Morgan clay loam6 Colo. - — 8.0 84.8 10.0 20.7 
24. Cass silt loam" Colo. 7.8 69.3 4.8 4.8 
25. Pryor silty clayd Mont. - - 7.7 83.4 6.4 8.2 
26. Montrose clay loam6 Colo. 8.0 55.8 8.0 16.7 
27. San Luis sand6 Colo. — — 8.1 15.3 9.6 13.1 
28. Tripp fine sandy loamd Nebr. 7.3 40.3 10.4 8.5 
See Table 5 for footnotes 
Table 5. Soils used in sorption experiments with solutions of orthophosphate and nonorthophosphate 
phosphorus 
Soil type State Sample pH of sat. Labile soil P, pg. per q. of soil 
number paste 24 hr. at 22° C. 168 hr. 
1. Carrington silt loam0 Iowa M — 4.9 17 21 
2. Seymour silt loam^ Iowa F-865 5.1 17 12 
3. Grundy silt loam^ Iowa F-8U7 4.7 23 13 
4. Elliot silt loamb 111. 52590 4.7 11 7 
5. Ida silt loatir Iowa F-802 7.6 1 -3 
6. Webster silt loam0 Iowa — — 7.0 15 11 
7. Huff loamb No. Dak. 52570 7.5 7 8 
8. Larimer fine sandy loam^ Colo. 7.8 17 18 
^Acknowledgement is made for the use of space and equipment and for advice in making these 
measurements to Dr. Sterling R. Olsen and Mr. Frank S. Watanabe, U. S. Department of Agriculture, 
Fort Collins, Colorado. 
bSoils obtained through the cooperation of Dr. C. A. Black, Iowa State College, Ames, Iowa. 
cSoils obtained through the cooperation of Dr. D. R. Bouldin, formerly of Iowa State College, 
Ames, Iowa. 
dSoils obtained through the cooperation of Dr. W. R. Schmehl and Mr. S. D. Romsdal, Colorado 
State University, Fort Collins, Colorado. 
eSoils obtained through the cooperation of Dr. Sterling R. Olsen and Mr. Frank S. Watanabe, 
U. S. Department of Agriculture, Fort Collins, Colorado. 
fSoils obtained through the cooperation of Dr. John Hanway, Iowa State College, Ames, Iowa. 
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3. NaHCO^ extractable phosphorus 
Phosphorus extracted from the soil "by 0.5 M NaHGC^ was 
determined by the method of Olsen _et al. (1954-). 
4, Labile soil phosphorus 
"Surface" or "labile" phosphorus was determined as 
follows, the procedure being adapted from one used by Olsen 
and Watanabe (1957). Five grams of 1-mm. soil weighed on a 
torsion balance were placed in a 250-ml. Erlenmeyer flask. 
Duplicate samples were used. Forty-five ml. of water were 
added to each flask, and the flask was stoppered and kept at 
room temperature with intermittent shaking for a 2M—hour period. 
The solution and soil were transferred to plastic centri­
fuge to obtain a separation of the soil and solution. The soil 
was transferred from the tube back to the same Erlenmeyer 
flask with 100 ml. of 1 x 10-^ M KH2POI4. solution containing 
p32. A quantitative transfer of the soil was accomplished 
with the aid of a rubber policeman. 
The flasks were then stoppered and placed on a Burrell 
wrist-action shaker for 24 hours, maintaining the temperature 
constant at 22° C. At the end of the 24—hour period the soil 
was separated from the solution by centrifugation, and 
phosphorus was determined by the Dickman and Bray ( 194-0) 
method. 
Two 1-ml. aliquots of the solution separated from the 
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soil were evaporated successively under an infra-red lamp, on 
a thin metal disc approximately 1 and 1/2 inches in diameter. 
The same amount of the original solution containing the P32 
was evaporated on a separate metal disc. All the evaporations 
were carried out in duplicate, so that for each soil four 
separate discs were available for counting the activity of the 
p32. Four discs also were prepared for the standard solution. 
Background counts and counts on the discs were made, so that 
the relative activity of the solutions from the soils could 
be determined. Calculations were made from the following 
equilibration equation: 
Initial solution p3^ + "Surface" soil p3^ _ 
Final solution p3^ 
Initial P 2^ counts 
Final p32 counts 
A second set of duplicate samples for the soils in Table 
5 was treated in the same way as described in the above pro­
cedure with a variation in the time and temperature. The 
flasks containing the samples were maintained at a temperature 
of 5° G. and were shaken intermittently over a period of l6S 
hours. At the end of the period the flasks were placed on 
the Burrell wrist-action shaker for 1 hour at 22° G. The 
solutions and soils were separated by centrifugation and three 
1-ml. aliquots of the solutions were evaporated successively 
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on thin metal discs. Discs were prepared for the standard 
solution in the same way. The remainder of the procedure 
and calculations followed that given above. 
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IV. EXPERIMENTAL PROCEDURE AND DATA 
To investigate the sorption by soils of orthophosphate 
and nonorthophosphate phosphorus from solutions bearing 
these constituents in different proportions, a series of 
experiments were designed so that a progressive study would 
result. The general procedure was kept as simple as possible 
and variables were introduced to investigate various aspects. 
The work with soils was undertaken after a preliminary 
experiment to find the rate of hydrolysis of nonorthophosphate 
to orthophosphate in solutions. All the investigations with 
soils were carried out according to the following plan. A 
5-gram sample of air-dried soil, ground to pass a 1-mni. screen, 
was weighed on a torsion balance and transferred to a 250-ml. 
Erlenmeyer flask. A designated amount of water was added to 
the flask. The flask was stoppered and shaken intermittently 
for 24- hours at room temperature. At the end of the 24—hour 
period the soil was separated from the solution by centrifu­
gation with a Servall superspeed centrifuge. The soil was 
transferred quantitatively back to the same flask with 75 ml. 
of a phosphate solution. The flask was stoppered and shaken 
Intermittently and then continuously for designated periods 
at a designated temperature. At the end of the equilibration 
period, the soil was separated from the solution by centrifu­
gation, and the solution was analyzed for total phosphorus 
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and orthophosphate phosphorus. These analyses follow the 
procedure given in Part III-C. 
Variables which were then introduced were as follows: 
soils, time of reaction of the phosphate solution with the 
soil, temperature at which the reaction solution was main­
tained, concentration of phosphorus in solution, ratio of 
orthophosphate to nonorthophosphate phosphorus in solution, 
and source of nonortiiopho sphat e phosphorus. 
A. Orthophosphate and Nonortiiopho sphat e Forms of 
Phosphorus Found by Analysis after Different 
Lengths of Time in Aqueous Solutions Prepared 
from Monobasic Calcium Phosphate and T. V. A. 
Calcium Metaphosphate and Maintained at 5® C. 
1. Solutions 
Twenty-five solutions were prepared from T. V. A. calcium 
raetapliosphate and from monobasic calcium orthophosphate by 
dilution of solutions prepared as described in Part III. 
2. Time and temperature 
The solutions were maintained at 5° C. and were analyzed 
on July 10, July 19, and August 7 for orthopho sphat e phos­
phorus and total phosphorus. 
3. Results 
Table 6 gives the data obtained from these analyses. 
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Table 6. Orthophosphate and nonorthophosphate forms of phosphorus found 
by analysis after different lengths of time in aqueous solutions 
prepared from monobasic calcium phosphate and T. V. A. calcium 
metaphosphate and maintained at 5° C. 
pH of 
iginal 
lution 
Intended 
total P, 
uq./l5 ml. 
Analysis of solutions, phosphorus in /uq. per 15 ml 
Orthophosphate P No nor tho pho s pha te P Total P 
la 2° 3 1 2 3 1 2 3 
6.6 75 9 12 16 69 66 64 78 78 80 
6.6 75 22 24 28 53 52 49 75 76 77 
6.7 75 38 40 44 42 35 38 80 75 82 
6.7 75 57 58 19 17 76 75 
6.6 75 76 76 77 -1 -2 -2 75 74 75 
6.2 225 25 31 41 208 201 192 233 232 233 
6.2 225 69 69 73 161 158 157 230 227 230 
6.2 225 111 112 118 117 112 109 228 224 227 
6.2 225 170 170 175 60 52 52 230 222 227 
6.2 225 228 227 233 -4 -5 -6 224 222 227 
5.0 450 55 64 87 422 409 395 477 473 482 
5.1 450 136 130 139 328 330 348 464 460 487 
5.3 450 224 219 227 240 249 233 464 468 460 
5. 5 450 344 343 350 112 108 110 456 451 460 
5.5 450 452 455 455 0 -7 0 452 448 455 
4.7 675 76 31 98 639 619 611 715 700 708 
4.8 675 208 208 219 486 486 468 694 694 687 
5.0 675 340 332 347 347 355 340 687 687 687 
5.0 675 510 504 540 177 183 147 687 687 687 
5.0 675 679 665 680 -7 -7 C 672 672 680 
4.5 900 107 112 139 838 818 806 945 930 945 
4.6 900 274 273 287 671 627 658 945 900 945 
4.6 900 450 450 465 468 450 453 918 900 918 
4.7 900 672 672 696 228 228 222 900 900 918 
4.8 900 888 900 957 12 0 -57 900 900 900 
aJuly 10 
bjuly 19 
cAugust 7 
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3. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by 25 Soils During a 24—Hour Equilib­
ration Period at Room Temperature from Solutions 
Prepared from T. V. A. Concentrated Superphosphate 
and T. V. A. Calcium Metaphosphate 
1. Soils 
The soils used in this experiment were those described 
in Table 4. Seventy-five ml. of water were used in the 
initial soaking period. 
2. Solutions 
Solutions were prepared from T. V. A. calcium metaphos-
phate and from T. V. A. concentrated superphosphate by 
dilution of solutions prepared as described in Part IÏI-C. 
Analyses of solutions are given in Table "J. 
3• Time of reaction and temperature 
The reactions were carried out for a period of 24- hours 
at room temperature, with intermittent shaking for 23 hours 
followed by 1 hour of continuous shaking on a Burrell wrist-
action shaker. 
4. Results 
Table 7 gives the data obtained from these reactions. 
Table 7. Sorption of orthophosphate and nonorthophosphate phosphorus by 28 soils during a 24-hour 
equilibration period at room temperature from solutions prepared from T. V. A. concentrated 
superphosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
uq. per q. of soil or per 15 ml. juq. per q. of soil or per 15 ml. HQ. per q. of soil or per 15 ml. 
Ortho- Nonortho­ Grtho- Nonortho­ Ortho- Nonortho­
Total phosphate phosphate Total phosphate phosphate Total phosphate phosphate 
Elliot silt loam 
50 25 25 9 4 5 41 21 20 
102 50 52 21 10 11 81 40 41 
503 251 252 203 117 86 300 134 166 
Huff loam 
50 25 25 17 17 0 33 8 25 
102 50 52 43 40 3 59 10 49 
503 251 252 291 236 55 212 15 197 
Monona silt loam 
50 25 25 7 6 1 43 19 24 
102 50 52 20 19 1 82 31 51 
503 251 252 244 187 57 259 64 195 
Edina silt loam 
50 25 25 10 9 1 40 16 24 
102 50 52 28 24 4 74 26 48 
503 251 252 254 189 65 249 62 187 
50 25 25 9 
Grundy silt loam 
7 2 41 18 23 
102 50 52 34 17 17 68 33 35 
503 251 252 213 150 63 290 101 189 
50 25 25 9 
Clyde silt loam 
7 2 41 18 23 
102 50 52 30 30 0 72 20 52 
503 251 252 213 140 73 290 111 179 
50 25 25 20 
Ida silt loam 
17 3 30 8 22 
102 50 52 72 41 31 30 9 21 
503 251 252 343 215 128 160 36 124 
Table 7. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
/ j g .  per g. of soil or per 15 ml. /ug. per g. of soil or per 15 ml. ;ug. per g. of soil or per 15 ml. 
Ortho­ Nonortho­ Ortho- Nonortho­ Ortho- Nonortho­
Total phosphate phosphate Total phosphate phosphate Total phosphate phosphate 
Webster silt loam 
50 25 25 17 16 1 33 9 24 
102 50 52 53 37 21 44 13 31 
503 251 252 285 231 54 218 20 198 
Seymour silt loam 
55 25 30 7 6 1 48 19 29 
113 50 63 22 15 7 91 35 56 
550 244 306 224 146 78 326 98 228 
Carrington silt loam 
55 25 30 14 6 8 41 19 22 
113 50 63 36 17 19 77 33 44 
550 244 306 305 160 145 245 84 161 
Cecil sand loam 
55 25 30 14 8 6 41 17 24 
113 50 63 38 24 14 75 26 49 
550 244 306 319 201 118 231 43 188 
Edina silt loam 
55 25 30 3 2 1 52 23 29 
113 50 63 12 6 6 101 44 57 
550 244 306 181 106 75 369 138 231 
Fargo silt clay loam 
51 25 26 19 18 1 32 7 25 
102 50 52 43 40 3 59 10 49 
550 244 306 298 207 91 252 37 215 
Lloyd clay loam 
51 25 26 20 14 6 31 11 20 
102 50 52 44 27 17 58 23 35 
550 244 306 329 184 145 121 60 61 
Table 7. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per q. of soil or per 15 ml. jug. per g. of soil or per 15 ml. Jjq. per q. of soil or per 15 ml. 
Ortho- Nonortho­ Ortho- Nonortho­ Ortho- Nonortho­
Total phosphate phosphate Total phosphate phosphate Total phosphate phosphate 
Muscatine silt loam 
51 25 26 12 6 6 39 19 20 
102 50 52 28 15 13 74 35 39 
550 244 306 267 147 120 283 97 186 
Cheyenne fine sandy loam 
51 25 26 26 19 7 25 6 19 
102 50 52 58 43 15 44 7 37 
550 244 306 394 269 125 156 -25 181 
53 25 28 4 
Seymour silt loam 
3 1 49 22 27 
105 50 55 14 9 5 91 41 50 
530 249 281 189 119 70 341 130 211 
53 25 28 20 
Sagemoor loam 
14 6 33 11 22 
105 50 55 49 34 15 56 16 40 
530 249 281 334 194 140 196 55 141 
Weld clay loam 
53 25 28 9 8 1 44 17 27 
105 50 55 26 24 2 79 26 53 
530 249 281 243 173 70 287 76 211 
Fort Collins loam (l) 
53 25 28 68 63 5 -15 -38 23 
105 50 55 97 90 7 8 -40 48 
530 249 281 385 293 92 145 -44 189 
Fort Collins loam (2) 
53 25 28 19 18 1 34 7 27 
105 50 55 54 40 14 51 10 41 
500 265 235 341 218 123 159 47 112 
Table 7. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. Aig. per g. of soil or per 15 ml. 
Ortho- Nonortho­ Ortho- Nonortho­ Or tho - Nonortho­
Total phosphate phosphate Total phosphate phosphate Total phosphate phosphate 
Larimer fine sandy loam 
53 25 28 9 5 4 44 20 24 
105 50 55 28 16 12 77 34 43 
500 265 235 280 164 116 220 101 119 
53 25 28 
Fort Morgan clay loam 
17 17 0 36 8 28 
105 50 55 43 43 0 62 7 55 
500 265 235 295 259 36 205 6 199 
Cass silt loam 
53 25 28 11 11 0 42 14 28 
105 50 55 32 32 0 73 18 55 
500 265 235 248 194 54 252 71 181 
Pryor silt clay 
53 25 28 17 17 0 36 8 28 
105 50 55 44 41 3 61 9 52 
500 265 235 273 203 70 227 62 165 
Montrose clay loam 
53 25 28 17 18 -1 36 7 29 
105 50 55 40 37 3 65 13 52 
500 265 235 259 205 54 241 60 181 
San Luis sand 
53 25 28 43 41 2 10 -16 26 
105 50 55 84 70 14 21 -20 41 
500 265 235 406 267 139 94 
-2 96 
Tripp fine sandy loam 
53 25 28 24 20 4 29 5 24 
105 50 55 55 45 10 50 5 45 
500 265 235 333 237 96 167 28 139 
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C. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by Four Soils During a 24-Hour Equilib­
ration Period at Room Temperature from Solutions 
Prepared from T. V. A. Concentrated Superphosphate 
and T. V. A. Calcium Me tapho splia t e 
1. Soils 
The soils used in this experiment were the Elliot, Huff, 
Larimer, and Carrington soils described in Table 5. Seventy-
five ml. of water were used in the initial soaking period. 
2. Solutions 
Twenty-four solutions were prepared from T. V. A. calcium 
m e tapho sphat e and from T. V. A. concentrated superphosphate 
by dilution of solutions prepared as described in Part III. 
Analyses of the solutions are given in Table S. 
3• Time of reaction and temperature 
The reactions were carried out for a period of 24 hours 
at room temperature with continuous shaking on a Burrell 
wrist-action shaker. 
4. Results 
Tables S, 9; 10, and 11 give the data obtained from these 
reactions. In some instances where the solutions used were of 
slightly different concentrations, interpolations were made so 
that data from each set of concentrations would be directly 
comparable. 
Table 8. Sorption of orthophosphate and nonorthophosphate phosphorus by Carrington silt loam during 
a 24-hour equilibration period at room temperature from solutions prepared from T. V. A. 
concentrated superphosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. *ig. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. 
Ortho­ Nonortho­ Ortho­ Nonortho­ Ortho- Nonortho­
Total pho spha te phosphate Total pho sphate phosphate Total phosphate phosphate 
25 4 21 3 3 0 22 1 21 
25 12 13 5 4 1 20 8 12 
25 25 0 6 6 0 19 19 0 
50 7 43 5 4 1 45 3 42 
50 24 26 10 9 1 40 15 25 
50 50 0 13 13 0 37 37 0 
100 13 87 16 7 9 84 5 79 
100 48 52 24 17 7 76 31 45 
100 100 0 32 32 0 68 68 0 
150 19 131 31 11 20 119 8 111 
150 73 77 41 30 11 109 43 66 
150 150 0 57 57 0 93 93 0 
200 25 175 48 16 32 152 9 143 
200 98 102 61 40 21 139 58 81 
200 200 0 75 75 0 125 125 0 
250 31 219 66 19 47 184 12 172 
250 120 130 85 56 29 165 64 101 
250 250 0 106 106 0 144 144 0 
300 38 262 89 25 64 211 13 198 
300 143 157 106 67 39 194 76 118 
300 300 0 132 132 0 168 168 0 
400 51 349 130 34 96 270 17 253 
400 190 210 164 102 62 236 88 148 
400 400 0 191 191 0 209 209 0 
Table 9. Sorption of orthophosphate and nonorthophosphate phosphorus by Elliot silt loam during 
a 24-hour equilibration period at room temperature from solutions prepared from T. V. A. 
concentrated superphosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
juq. per g. of soil or per 15 ml. A-ig. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. 
Ortho- Nonortho­ Ortho­ Nonortho­ Ortho- Nonortho-
Total phosphate phosphate Total ptics oh a te phosphate Total phosohate ph osohate 
25 4 21 2 1 1 23 3 20 
25 12 13 3 2 1 22 10 12 
25 25 0 3 3 0 22 22 0 
50 7 43 5 2 3 45 5 40 
50 24 26 6 5 1 44 19 25 
50 50 0 7 7 0 43 43 0 
100 13 87 14 4 10 86 9 77 
100 48 52 18 16 2 82 32 50 
100 100 0 23 23 0 77 77 0 
150 19 131 26 7 19 124 12 112 
150 73 77 35 28 7 115 45 70 
150 150 0 41 41 0 109 109 0 
200 25 175 43 10 33 157 15 142 
200 98 102 51 40 11 149 58 91 
200 200 0 67 67 0 133 133 0 
250 31 219 64 13 51 186 18 168 
250 120 130 72 55 17 178 65 113 
250 250 0 90 90 0 160 160 0 
300 38 262 88 18 70 212 20 192 
300 143 157 98 70 28 202 73 129 
300 300 0 118 118 0 182 182 0 
400 51 349 134 26 108 266 25 241 
400 190 210 142 103 39 258 87 171 
400 400 0 173 173 0 227 227 0 
Table 10. Sorption of orthophosphate and nonorthophosphate phosphorus by Huff loam during a 
24-hour equilibration period at room temperature from solutions prepared from T. V. A. 
concentrated superphosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil J  
jug. per q. of soil or per 15 ml. UQ. per q. of soil or per 15 ml. juq. per q. of soil or per 15 ml. 
Ortho­ Nonortho­ Urtho- Nonortho­ Ortho- Nonortho­
Total pho sphate phosphate Total phosphate phosphate Total phosphate phosphate 
25 4 21 6 6 0 19 -2 21 
25 12 13 7 7 0 18 5 13 
25 25 0 9 9 0 14 14 0 
50 7 43 13 12 1 37 -5 42 
50 24 26 17 17 0 33 7 26 
50 50 0 20 20 0 30 30 0 
100 13 87 33 32 1 67 -19 86 
100 48 52 43 43 0 57 5 52 
100 100 0 49 49 0 51 51 0 
150 19 131 56 51 5 94 -32 126 
150 73 77 69 67 2 81 6 75 
150 150 0 82 82 0 68 68 0 
200 25 175 75 60 15 125 -35 160 
200 98 102 95 88 7 105 10 95 
200 200 0 115 115 0 85 85 0 
250 31 219 103 79 24 147 —48 195 
250 120 130 130 114 16 120 6 114 
250 250 0 159 159 0 91 91 0 
300 38 262 129 90 39 171 -52 223 
300 143 157 162 142 20 138 1 137 
300 300 0 191 191 0 109 109 0 
400 51 349 185 110 75 215 -59 274 
400 190 210 227 184 43 173 6 167 
400 400 0 263 263 0 137 137 0 
Table 11. Sorption of orthophosphate and nonorthophosphate phosphorus by Larimer fine sandy loam 
during a 24-hour equilibration period at room temperature from solutions prepared from 
T. V. A. concentrated superphosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. ug. per g. of soil or per 15 ml. Aig. per g. of soil or per 15 ml. 
Ortho­ Nonortho­ Ortho­ Nonortho­ Ortho- Nonortho­
Total pho sphate phosphate Total pho sphate phosphate Total phosphate phosphate 
25 4 21 4 4 0 21 0 21 
25 12 13 9 8 1 16 4 12 
25 25 0 10 10 0 15 15 0 
50 7 43 9 9 0 41 -2 43 
50 24 26 16 15 1 34 9 25 
50 50 0 22 22 0 28 28 0 
100 13 87 24 22 2 76 -9 85 
100 48 52 35 32 3 65 16 49 
100 100 0 48 48 0 52 52 0 
150 19 131 37 33 4 113 -14 127 
150 73 77 56 49 7 94 24 70 
150 150 0 82 82 0 68 68 0 
200 25 175 63 41 22 137 -16 153 
200 98 102 87 68 19 113 30 83 
200 200 0 112 112 0 88 88 0 
250 31 219 91 50 41 159 -19 178 
250 120 130 121 89 32 129 31 98 
250 250 0 152 152 0 98 98 0 
300 38 262 120 58 62 180 -20 200 
300 143 157 140 108 32 160 35 125 
300 300 0 186 186 0 114 114 0 
400 51 349 175 70 105 225 -19 244 
400 190 210 200 147 53 200 43 157 
400 400 0 263 263 0 137 137 0 
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D. Sorption of Orthopho sphat e and Nonorthophosphate 
Phosphorus by Eight Soils During a 168-Hour 
Equilibration Period from Solutions Prepared from 
Monobasic Calcium Orthophosphate and T. V. A. 
Calcium Metapho sphat e 
1. Soils 
The soils used in this experiment were the Carrington, 
Seymour, G-rundy, Elliot, Ida, Webster, Huff, and Larimer 
soils described in Table 5» Forty-five ml. of water were 
used in the initial soaking period. 
2. Solutions 
Twenty-five solutions were prepared from T. V. A. calcium 
metaphosphate and from monobasic calcium orthophosphate by 
dilution of solutions prepared as described in Part III. 
Analyses of solutions are given in Tables 12 through 1$. 
3. Time of reaction and temperature 
The reactions were carried out for a period of loS hours 
at 5° G; with intermittent shaking followed by continuous 
shaking for the last hour on a Burrell wrist-action shaker 
at room temperature. 
4. Results 
Tables 12, 13, 14, 15, l6, 17, lo, and 15 give the data 
obtained from these reactions. In some instances where the 
solutions used were of slightly different concentrations, 
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Table 12. Sorption of orthophosphate and nonorthophosphate phosphorus by Ci 
period from solutions prepared from monobasic calcium orthophospl 
P added to soil, P remaining in solution, 
pg. p er g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. P 
Ortho­ Nonortho- n a/ Ortho­ Nonortho­ n 
Total pho sphate phosphate o + n Total pho sphate phosphate o + n T< 
75 9 66 0.88 12 7 5 0.42 
75 23 52 0.69 13 9 4 0.31 
75 38 37 0.49 15 13 2 0.13 
75 56 19 0.29 15 16 -1 -0.07 
75 75 0 0 20 20 0 0 
225 27 198 0.88 71 23 48 0.68 
225 68 157 0.70 70 37 33 0.47 
225 113 112 0.50 70 52 18 0.26 
225 169 56 0.25 77 73 4 0.05 
225 225 0 0 88 89 -1 -0. 01 
450 54 396 0.88 186 52 134 0.72 
45G 135 315 0.70 186 85 101 0.54 
450 225 225 0.50 183 128 55 0.30 
450 338 112 0.25 192 165 27 0.14 
450 450 0 0 222 239 -17 -0.08 
675 81 594 0.88 319 85 234 0.73 
675 203 472 0.70 310 141 169 0.55 
675 338 337 0.50 310 203 107 0.35 
675 506 169 0.25 319 288 31 0.10 
675 675 0 0 356 356 0 0 
900 108 792 0.88 448 180 268 0.60 I  
900 270 630 0.70 440 196 244 0.55 I  
900 450 450 0.50 440 292 148 0. 34 I  
900 675 225 0.25 464 408 56 0.12 I  
900 900 C C 512 528 -16 -0.03 
an - nonorthophosphate phosphorus; o = orthophosphate phosphorus 
Tate phosphorus by Carrington silt loam during a 168-hour equilibration 
; calcium orthophosphate and T. V. A. calcium metaphosphate 
solution, P sorbed by soil, 
or per 15 ml. pg. per g. of soil or per 15 ml. pH of 
lortho- n Ortho - Nonortho- n original 
)sphate o + n Total phosphate phosphate o + n solution 
5 0.42 63 2 61 0.97 6.6 
4 0.31 62 14 48 0.77 6.6 
2 0.13 60 25 35 0.58 6.7 
-1 -0.07 60 40 20 0.33 6.7 
0 0 55 55 0 0 6.6 
48 0.68 154 4 150 0.97 6.2 
33 0.47 155 31 124 0.80 6.2 
18 C.26 155 61 94 0.61 6.2 
4 0.05 148 96 52 0.35 6.2 
-1 -0.01 137 136 1 0.01 6.2 
.34 C.72 264 2 262 0.99 5.0 
.01 0.54 264 50 214 0.81 5.1 
55 0.30 267 97 170 0.64 5.3 
27 0.14 258 173 85 0.33 5.5 
•17 -0.08 228 211 17 0.07 5.5 
!34 0.73 356 -4 360 1.01 4.7 
.69 0.55 365 62 303 0.83 4.8 
.07 0.35 365 135 230 0.63 5. 0 
31 0.10 356 218 138 0.39 5.0 
0 0 319 319 0 0 5.0 
168 0.60 452 -72 524 1.16 4.5 
:44 0.55 460 74 386 0.84 4. 6 
48 0. 34 460 158 302 0.66 4.6 
56 0.12 436 267 169 0.39 4.7 
16 -0.03 388 372 16 0.04 4.8 
te phosphorus 
Table 13. Sorption of orthophosphate and nonorthophosphate phosphorus by Seymour silt loam 
during a 168-hour equilibration period from solutions prepared from monobasic 
calcium orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. jag. per g. of soil or per 15 ml. fjg. per g. of soil or per 15 ml. 
Or tho - Nonortho­ n Ortho- Nonortho­ n Ortho­ Nonortho­ n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total pho sphate phosphate o * n 
75 9 66 0.88 10 5 5 0.50 65 4 61 0.94 
75 23 52 0.69 11 8 3 0.27 64 15 49 0.77 
75 38 37 0.49 13 11 2 0.15 62 27 35 0.56 
75 56 19 0.25 14 15 -1 -0.07 61 41 20 0.33 
75 75 0 0 17 17 0 0 58 58 0 0 
225 27 198 0.88 67 20 47 0.70 158 7 151 0.96 
225 68 157 0.70 68 34 34 0.50 157 34 123 0.78 
225 113 112 0.50 66 51 15 0.23 159 62 97 0.61 
225 169 56 0.25 74 71 3 0.04 151 98 53 0.35 
225 225 0 0 88 88 0 0 137 137 0 0 
450 54 396 0.88 139 58 131 0.69 261 -4 265 1.02 
450 135 315 0.70 183 85 98 0.54 267 50 217 0.81 
450 225 225 0.50 189 130 59 0.31 261 95 166 0.64 
450 338 112 0.25 201 186 15 0.07 249 152 97 0.39 
450 450 0 G 222 225 -3 -0.01 228 225 3 0.01 
675 81 594 0.88 319 93 226 0.71 356 -12 368 1.03 
675 203 472 0.70 324 150 174 0.54 351 53 298 0.85 
675 338 337 0.50 319 213 106 0.33 356 125 231 0. 65 
675 506 169 0.25 340 310 30 0.09 335 196 139 0.41 
675 675 0 0 374 374 0 0 301 301 0 0 
900 108 792 0.88 472 137 335 0.71 428 -29 457 1.07 
900 270 630 0.70 472 217 255 0.54 428 53 375 0.88 
900 450 450 0.50 472 310 162 0.34 428 140 288 0.67 
900 675 225 0.25 480 440 40 0.08 420 235 185 0.44 
900 900 0 0 536 544 -8 -0.01 364 356 8 0.02 
Table 14. Sorption of oxtliopho sphate and nonorthophosphate phosphorus by Grundy silt loam during 
a 168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
yUQ. per g. of soil or per 15 ml. ng.  per g. of soil or per 15 ml. yug. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho­ n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total ph losphate phosphate o + n 
75 9 66 0.88 8 6 2 0.25 67 3 64 0.96 
75 23 52 0.69 10 9 1 0.10 65 14 51 0.78 
75 38 37 0.49 12 11 1 0.08 63 27 36 0.57 
75 56 19 0.25 13 13 0 0 62 43 19 0.31 
75 75 0 0 16 15 1 0.06 59 60 -1 • -0.02 
225 27 198 0.88 53 24 29 0.55 172 3 169 0.98 
225 68 157 0.70 56 37 19 0.34 169 31 138 0.82 
225 113 112 0.50 61 53 8 0.13 164 60 104 0.63 
225 169 56 0.25 72 71 1 0.01 153 98 55 0.36 
225 225 0 0 85 84 1 0.01 140 141 -1 -0.01 
450 54 396 0.88 165 62 103 0.62 285 -8 293 1.03 
450 135 315 0.70 162 90 72 0.44 288 45 243 0.84 
450 225 225 0.50 174 137 37 0.21 276 88 188 0.68 
450 338 112 0.25 189 186 3 0.02 261 152 109 0.42 
450 450 0 0 222 229 -7 -0.03 228 221 7 0.03 
675 81 594 0.88 300 96 204 0.68 375 -15 390 1.04 
675 203 472 0.70 300 155 145 0.48 375 48 327 0.87 
675 338 337 0.50 300 229 71 0.24 375 109 266 0.71 
675 506 169 0.25 340 319 21 0.06 335 187 148 0.44 
675 675 0 0 383 383 0 G 292 292 0 0 
900 108 792 0.88 440 147 293 0.67 460 -39 499 1.08 
900 270 630 0.70 432 237 195 0.45 468 33 435 0.93 
900 450 450 0.50 448 328 120 0.27 452 122 330 0.73 
900 675 225 0.25 480 448 32 0.07 420 227 193 0.46 
900 900 0 0 544 544 0 0 356 356 0 0 
Table 15. Sorption of orthophosphate and nonorthophosphate phosphorus by Elliot silt loam during 
a 168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jjg. per g. of soil or per 15 ml. jug. per q. of soil or per 15 ml. /jg. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Honortho- n Ortho­ Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total pho sphate phosphate o + n 
75 9 66 0.88 8 5 3 0.37 67 4 63 0.94 
75 23 52 0.69 9 7 2 0.22 66 16 50 0.76 
75 38 37 0.49 10 9 1 0.10 65 29 36 0.55 
75 56 19 0.25 - - - - - - - -
75 75 0 0 14 14 0 0 61 61 0 0 
225 27 198 0.88 58 20 38 0.66 167 7 160 0.96 
225 68 157 0.70 59 31 28 0.47 166 37 129 0.78 
225 113 112 0.50 52 39 13 0.25 173 74 99 0.57 
225 169 56 0.25 64 60 4 0.06 161 109 52 0.32 
225 225 0 0 77 75 2 0.03 148 150 -2 -0.01 
450 54 396 0.88 159 48 111 0.70 291 6 285 0.98 
450 135 315 C.70 168 78 90 0.54 282 57 225 0.80 
450 225 225 0.50 159 112 47 0.30 291 113 178 0.61 
450 338 112 0.25 177 162 15 0.08 273 176 97 0.36 
450 450 0 0 201 201 0 0 249 249 0 0 
675 81 594 0.88 319 57 262 0.82 356 24 332 0.93 
675 203 472 0.70 306 136 170 0.56 369 67 302 0.82 
675 338 337 0.50 284 190 94 0.33 391 148 243 0.62 
675 506 169 0.25 319 284 35 0.11 356 222 134 0.38 
675 675 0 0 352 352 0 0 323 323 0 0 
900 108 792 0.88 472 125 347 0.74 428 -17 445 1.04 
900 270 630 0.70 472 203 269 0.57 428 67 361 0.84 
900 450 450 0.50 456 292 164 0.36 444 158 286 0.64 
900 675 225 0.25 472 400 72 0.15 428 275 153 0.36 
900 900 0 0 512 512 0 0 388 388 0 0 
Table 16. Sorption of orthophosphate and nonorthophosphate phosphorus by Ida silt loam during 
a 168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
,ug. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. /jg. per g. of soil or per 15 ml. 
Ortho­ Nonortho- n Ortho- Nonortho- n Grtho­ Nonortho­ n 
Total pho sphate phosphate o + n Total phosphate phosphate o + n Total pho sphate phosphate o + n 
75 9 66 0.88 18 18 0 0 57 -9 66 1.16 
75 23 52 0.69 19 19 G G 56 4 52 0.93 
75 38 37 0.49 19 20 -1 -0.05 56 18 38 0.68 
75 56 19 0.25 22 22 G 0 53 34 19 0.36 
75 75 0 0 22 22 0 0 53 53 0 0 
225 27 198 0.88 85 72 13 0.15 140 -45 185 1.32 
225 68 157 0.70 92 83 9 0.10 133 -15 148 1.11 
225 113 112 0.50 96 94 2 0.02 129 19 110 0.85 
225 169 56 0.25 104 106 -2 -0.02 121 63 58 0.48 
225 225 0 0 111 116 -5 -0.04 114 109 5 0.04 
450 54 396 0.88 219 135 84 0.38 231 -81 312 1.35 
450 135 315 0.70 216 187 29 0.13 234 -52 286 1.22 
450 225 225 0.50 225 195 30 0.13 225 30 195 0.87 
450 338 112 0.25 252 246 6 0.02 198 92 106 0.54 
450 450 0 G 274 277 -3 -0.01 176 173 3 0.02 
675 81 594 0.88 360 168 192 0.53 315 -87 : 402 1.28 
675 203 472 0. 70 365 217 148 0.41 310 -14 324 1.05 
675 338 337 0.50 370 291 79 G. 21 305 47 258 0.85 
675 506 169 0.25 407 383 24 G. 06 268 123 145 0.54 
675 675 0 0 448 453 -5 -0.01 227 222 5 0.02 
900 108 792 0.88 504 201 303 0.60 396 -93 489 1.23 
900 270 630 0.70 520 291 229 G. 44 380 -21 401 1.06 
900 450 450 0.50 528 388 140 0.27 372 62 310 0.83 
900 675 225 0.25 560 528 32 0.06 340 147 193 G. 57 
900 90U 0 G 630 638 -8 -0.01 270 262 8 0.03 
Table 17. Sorption of orthophosphate and nonorthophosphate phosphorus by Webster silt loam 
during a 168-hour equilibration period from solutions prepared from monobasic 
calcium orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
yug. per g. of soil or per 15 ml. Hg. per g. of soil or per 15 ml. jug- per g. of soil or per 15 ml. 
Ortho­ Nonortho­ n Ortho- Nonortho- n Ortho­ Nonortho- n 
Total pho sphate phosphate o + n Total phosphate phosphate o + n Total pho sphate phosphate o + n 
75 9 66 0.88 20 19 1 0.05 55 -10 65 1.18 
75 23 52 0.69 23 23 0 0 52 0 52 1.00 
75 38 37 0.49 28 28 0 0 47 10 37 0.79 
75 56 19 0.25 7 7 0 0 68 49 19 0.28 
75 75 0 0 39 40 -1 -0.03 36 35 1 0.03 
225 27 198 0.88 90 74 16 0.18 135 -47 182 1.35 
225 68 157 0.70 96 81 15 0.16 129 -13 142 1.10 
225 113 112 0.50 111 106 5 0.05 114 7 107 0.94 
225 169 56 0.25 132 129 3 0.02 93 40 53 0.57 
225 225 0 0 150 150 0 0 75 75 G 0 
450 54 396 0.88 232 150 82 0.35 218 -96 314 1.44 
450 135 315 0.70 238 179 59 0.25 212 -44 256 1.21 
450 225 225 0.50 258 228 30 0.12 192 -3 195 1.02 
450 338 112 0.25 291 281 10 0.03 159 57 102 0.64 
450 450 0 0 333 332 1 0 117 118 -1 -0.01 
675 81 594 0.88 379 209 170 0.45 296 -128 424 1.43 
675 203 472 0.70 397 275 122 0.31 278 -72 350 1.26 
675 338 337 0.50 410 346 64 0.16 265 -8 273 1.03 
675 506 169 0.25 472 443 29 0.06 203 63 140 0.69 
675 675 0 0 532 542 -10 -0.02 143 133 10 0.07 
900 108 792 0.88 544 271 273 0.50 356 -163 519 1.46 
900 270 630 0.70 576 359 217 0.38 324 -89 413 1.27 
900 450 450 0.50 600 458 142 0.24 300 -8 308 1.03 
900 675 225 0.25 656 621 35 0.05 244 54 190 0.78 
900 900 0 0 730 730 0 0 170 170 0 0 
Table 18. Sorption of orthophosphate and nonorthophosphate phosphorus by Huff loam during a 
168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
pg. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. yug. per g. of soil or per 15 ml. 
Ortho­ Nonortho- n Ortho- Nonortho- n Ortho- Nonortho- n 
Total pho sphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 9 66 0.88 33 34 -1 -0.03 42 -25 67 1.60 
75 23 52 0.69 34 35 -1 -0.03 41 -12 53 1.29 
75 38 37 0.49 35 37 -2 -0.06 40 1 39 0.97 
75 56 19 0.25 36 37 -1 -0.03 39 19 20 0.51 
75 75 0 0 37 37 0 0 38 38 0 0 
225 27 198 0.88 121 107 14 0.12 104 -80 184 1.77 
225 68 157 0.70 126 117 9 0.07 99 -49 148 1.49 
225 113 112 0.50 129 125 4 0.03 96 -12 108 1.12 
225 169 56 0.25 136 137 -1 -0.01 89 32 57 0.64 
225 225 0 0 143 145 -2 -0.01 82 80 2 0.02 
450 54 396 0.88 264 171 93 0.35 186 -117 303 1.63 
450 135 315 0.70 270 203 67 0.25 180 —68 248 1.38 
450 225 225 0.50 278 246 32 0.12 172 -21 193 1.12 
450 338 112 0.25 298 294 4 0.01 152 44 108 0.71 
450 450 0 0 323 316 7 0.02 127 134 -7 -0.06 
675 81 594 0.88 421 194 227 0.54 254 -113 367 1.44 
675 203 472 0.70 426 271 155 0.36 249 -68 317 1.27 
675 338 337 0.50 4 39 356 83 0.19 236 -18 254 1.08 
675 506 169 0.25 472 448 24 0.05 203 58 145 0.71 
675 675 0 0 495 490 5 0.01 180 185 -5 -0.03 
900 108 792 0.88 592 237 355 0.60 308 -129 437 1.42 
900 270 630 0.70 592 339 253 0.43 308 -69 377 1.22 
900 450 450 0.50 592 443 149 0.25 308 7 301 0.98 
900 675 225 0.25 638 600 38 0.06 262 75 187 0.71 
900 900 0 0 696 696 0 0 204 204 0 0 
Table 19. Sorption of orthophosphate and nonorthophosphate phosphorus by Larimer fine sandy loam 
during a 168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
/jg. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. i xq .  per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho­ Nonortho­ n Ortho­ Nonortho- n 
Total phosphate phosphate o + n Total pho sphate phosphate o + n Total pho sphate phosphate o + n 
75 9 66 0.88 20 20 0 0 55 -11 66 1.20 
75 23 52 0.69 24 24 0 0 51 -1 52 1.02 
75 38 37 0.49 - - - - - - - -
75 56 19 0.25 31 31 0 0 44 25 19 0.43 
75 75 0 0 34 34 0 0 41 41 0 0 
225 27 198 0.88 79 61 18 0.23 146 -34 180 1.23 
225 68 157 0.70 89 77 12 0.13 136 -9 145 1.06 
225 113 112 0.50 98 92 6 0.06 127 21 106 0.83 
225 169 56 0.25 116 121 -5 -0.04 109 48 61 0. 56 
225 225 0 0 136 137 -1 -0.01 89 88 1 0.01 
450 54 396 0.88 213 97 116 0.54 237 -43 280 1.18 
450 135 315 0.70 222 143 79 0.36 228 -8 236 1.04 
450 225 225 0.50 239 196 43 0.18 211 29 182 0.86 
450 338 112 0.25 264 264 0 0 186 74 112 0.60 
450 450 0 0 312 323 -11 -0.04 138 127 11 0.08 
675 81 594 0.88 374 128 246 0.66 301 -47 348 1.16 
675 203 472 0.70 374 204 170 0.45 301 -1 302 1.00 
675 338 337 0.50 379 291 88 0.23 296 47 249 0.84 
675 506 169 0.25 430 411 19 0.04 245 95 150 0.61 
675 675 0 0 490 490 0 0 185 185 0 0 
900 106 792 0.88 536 157 379 0.71 364 -49 413 1.13 
900 270 630 0.70 536 271 265 0.49 364 -1 365 1.00 
900 450 450 0.50 544 388 156 0.29 356 62 294 0.83 
900 675 225 0.25 600 552 48 0.08 300 123 177 0.59 
900 900 0 0 696 688 8 0.01 204 212 -8 -0.04 
4-5 
interpolations were made in calculations so that data from 
each set of concentrations would be directly comparable. 
E. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by Four Soils During a 24—Hour 
Equilibration Period from Solutions Prepared from 
Monobasic Calcium Orthophosphate and T. V. A. 
Calcium Metaphosphate 
1. Soils 
The soils used in this experiment were the Carrington, 
Elliot, Huff, and Larimer soils described in Table 5• Forty-
five ml. of water were used in the initial soaking period. 
2. Solutions 
The 25 solutions used in the preceding section were used 
for these equilibrations. 
3• Time of reaction and temperature 
The reactions were carried out for a period of 24 hours 
at 5° C. with intermittent shaking followed by continuous 
shaking for the last hour on a Burrell wrist-action shaker 
at room temperature. 
4-, Results 
Tables 20, 21, 22, and 23 give the data obtained from 
these reactions. In some instances where the solutions used 
were of slightly different concentrations, interpolations were 
made in calculations so that data from each set of concentra­
tions would be directly comparable. 
Table 20. Sorption of orthophosphate and nonorthophosphate phosphorus by Carrington silt loam 
during a 24-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
pg. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. 
Ortho­ Nonortho­ n Ortho- Nonortho- n Ortho- Nonortho- n 
Total pho sphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 9 66 0.88 26 4 22 0.85 49 5 44 0.90 
75 23 52 0.69 26 9 17 0.65 49 14 35 0.71 
75 38 37 0.49 26 15 11 0.42 49 23 26 0.53 
75 56 19 0.25 28 23 5 0.18 47 33 14 C. 30 
75 75 0 0 29 30 -1 -0.03 46 45 1 0.02 
225 27 198 0.88 107 15 92 0.85 118 12 106 0.89 
225 68 157 0.70 103 34 69 0.67 122 34 88 0.72 
225 113 112 0.50 102 55 47 0.46 123 58 65 0.53 
225 169 56 0.25 104 87 17 0.16 121 82 39 0.32 
225 225 0 0 115 115 0 0 110 110 0 0 
450 54 396 0.88 249 36 213 0.86 201 18 183 0.91 
450 135 315 0.70 249 78 171 0.69 201 57 144 0.72 
450 225 225 0.50 239 133 106 0.44 211 92 119 0.56 
450 338 112 0.25 243 204 39 0.16 207 134 73 0.35 
450 450 0 0 264 267 -3 -0.01 186 183 3 0.02 
675 81 594 0.88 416 58 358 0. 86 259 23 236 0.91 
675 203 472 0.70 402 134 268 0.67 273 69 204 0.75 
675 338 337 0.50 397 222 175 0.44 278 116 162 0.58 
675 506 169 0.25 407 336 71 0.17 268 170 98 0.37 
675 675 0 0 439 439 0 0 236 236 0 0 
9C0 108 792 0.88 560 85 475 0.85 340 23 317 0.93 
900 270 630 0.70 568 194 374 0.66 332 76 256 0.77 
900 450 450 0.50 568 319 249 0.44 332 131 201 0.61 
900 675 225 0.25 568 472 96 0.17 332 203 129 0.39 
900 900 0 0 630 630 0 0 270 270 0 0 
Table 21. Sorption of orthophosphate and nonorthophosphate phosphorus by Elliot silt loam 
during a 24-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. pq. per q. of soil or per 15 ml. pg. per q.  of soil or per 15 ml. 
Ortho­ Nonortho- n Ortho- Nonortho­ n Ortho­ Nonortho- n 
Total pho sphate phosphate o + n Total phosphate phosphate o + n Total pho sphate phosphate o + n 
75 9 66 0.88 26 4 22 0.85 49 5 44 0.90 
75 23 52 0.69 24 8 16 0.67 51 15 36 0.71 
75 38 37 0.49 23 17 6 0.26 52 21 31 0.60 
75 56 19 0.25 23 20 3 0.13 52 36 16 0.31 
75. 75 0 0 25 25 0 0 50 50 0 0 
225 27 198 0.88 108 12 96 0.89 117 15 102 0.87 
225 68 157 0.70 102 30 72 0.71 123 38 85 0.69 
225 113 112 0.50 98 52 46 0.47 127 61 66 0.52 
225 169 56 0.25 97 83 14 0.14 128 86 42 0.33 
225 225 0 0 105 107 -2 -0.02 120 118 2 0.02 
450 54 396 0.88 246 31 215 0.87 204 23 181 0.89 
450 135 315 0.70 243 73 170 0.70 207 62 145 0.70 
450 225 225 0.50 238 133 105 0.44 212 92 120 0.57 
450 338 112 0.25 238 198 40 0.17 212 140 72 0. 34 
450 450 0 0 252 258 -6 -0.02 198 192 6 0.03 
675 81 594 0.88 416 56 360 0.87 259 25 234 0.90 
675 203 472 0.70 392 128 264 0.67 283 75 208 0.73 
675 338 337 0.50 388 208 180 0.46 287 130 157 0. 55 
675 506 169 0.25 392 324 68 0.17 283 182 101 0.36 
675 675 0 0 421 416 5 0.01 254 259 -5 -0.02 
900 108 792 0.88 568 80 488 0.86 332 28 304 0.92 
900 270 630 0.70 568 187 381 0.67 332 83 249 0.75 
900 450 450 0.50 560 315 245 0.44 340 135 205 0.60 
900 675 225 0.25 560 448 112 0.20 340 227 113 0.33 
900 900 0 0 600 592 8 0.01 300 308 -8 -0.03 
Table 22. Sorption of orthophosphate and nonorthophosphate phosphorus by Huff loam during a 
24-hour equilibration period from solutions prepared from monobasic calcium ortho-
phosphate and T. V. A. calcium rnetaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. jjg. per g. of soil or per 15 ml. jjg. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 9 66 0.88 30 22 8 0.27 45 -13 58 1.29 
75 23 52 0.69 33 26 7 0.21 42 -3 45 1.07 
75 38 37 0.49 37 34 3 0.08 38 4 34 0.89 
75 56 19 0.25 40 39 1 0.02 35 17 18 0.51 
75 75 0 0 44 44 0 0 31 31 0 0 
225 27 198 0.88 128 54 74 0.58 97 -27 124 1.28 
225 68 157 0.70 130 73 57 0.44 95 -5 100 1.05 
225 113 112 0.50 133 100 33 0.25 92 13 79 0.86 
225 169 56 0.25 145 133 12 0.08 80 36 44 0.55 
225 225 0 0 158 163 -5 -0.03 67 62 5 0.07 
450 54 396 0.88 291 83 208 0.71 159 -29 188 1.18 
450 135 315 0.70 291 133 158 0.54 159 2 157 0.99 
450 225 225 0.50 294 202 92 0.31 156 23 133 0.85 
450 338 112 0.25 316 278 38 0.12 134 60 74 0.55 
450 450 0 0 344 347 -3 -0.01 106 103 3 0.03 
675 81 594 0.88 467 100 367 0.79 208 -19 227 1.09 
675 203 472 0.70 453 187 266 0. 59 222 16 206 0.93 
675 338 337 0.50 463 294 169 0.36 212 44 168 0.79 
675 506 169 0.25 500 426 74 0.15 175 80 95 0.54 
675 675 0 0 542 532 10 0.02 133 143 -10 -0.08 
900 108 792 0.88 638 127 511 0.80 262 -19 281 1.07 
900 270 630 0.70 630 250 380 0.60 270 20 250 0.93 
900 450 450 0.50 638 388 250 0.39 262 62 200 0.76 
900 675 225 0.25 672 584 88 0.13 228 91 137 0.60 
900 900 0 0 730 740 -10 -0.01 170 160 10 0.06 
Table 23. Sorption of orthophosphate and nonorthophosphate phosphorus by Larimer fine sandy loam 
during a 24-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and T. V. A. calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. ug. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho­ n Ortho- Nonortho­ n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 9 66 0.88 18 11 7 0.39 57 -2 59 1.04 
75 23 52 0.69 24 16 8 0.33 51 7 44 0. 86 
75 38 37 0.49 27 22 5 0.19 48 16 32 0.67 
75 56 19 0.25 31 30 1 0.03 44 26 18 0.41 
75 75 0 0 37 37 0 0 38 38 0 0 
225 27 198 0.88 100 28 72 0.72 125 -1 126 1.01 
225 68 157 0.70 107 52 55 0.51 118 16 102 0.86 
225 113 112 0.50 110 76 34 0.31 115 37 78 0.68 
225 169 56 0.25 122 112 10 0.08 103 57 46 0.45 
225 225 0 G 142 142 0 G 83 83 0 0 
450 54 396 0.88 262 47 215 0.82 188 7 181 0.96 
450 135 315 0.70 258 98 160 0.62 192 37 155 0.81 
450 225 225 0.50 266 167 99 C. 37 184 58 126 G. 68 
450 338 112 0.25 277 242 35 0.13 173 96 77 0.45 
450 450 0 0 311 316 -4 -0.01 138 134 4 0.03 
675 81 594 0.88 434 65 369 0.85 241 16 225 0.93 
675 203 472 0.70 421 154 267 0.63 254 49 205 0.81 
675 338 337 0.50 411 252 159 0.39 264 86 178 0.67 
675 506 169 0.25 443 383 60 0.14 232 123 109 0.47 
675 675 0 0 495 505 -10 -0.03 180 170 10 0.06 
900 108 792 0.88 612 87 525 0.86 288 21 267 0.93 
900 270 630 0.70 600 224 376 0.63 300 46 254 0.85 
900 450 450 0.50 584 348 236 0.40 316 102 214 G. 68 
900 675 225 0.25 620 528 92 0, 15 280 147 133 0.47 
900 900 0 0 688 689 -1 0 212 211 1 G 
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F. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus "by Eight Soils During a lbo-Hour 
Equilibration Period and by Two Soils During a 
2^1—Hour Equilibration Period from Solutions Pre­
pared from Monobasic Calcium Orthophosphate and 
Laboratory-Prepared Calcium Metaphosphate 
1. Soils 
The soils used in this experiment were the Carrington, 
Seymour, Grundy, Elliot, Ida, Webster, Huff, and Larimer 
soils described in Table 5. Forty-five ml. of water were 
used in the initial soaking period. 
2. Solutions 
Twenty-five solutions were prepared from Laboratory pre­
pared calcium metaphosphate and from monobasic calcium ortho-
phosphate by dilution of solutions prepared as described in 
Part III. Analyses of solutions are given in Tables 24- and 2g. 
3. Time of reaction and temperature 
Elliot and Larimer soils were used with the 25 solutions 
for a reaction period of l6& hours at 5° 0. and for a reaction 
period of 24 hours at 5° C. with intermittent shaking followed 
by continuous shaking for the last hour on a Burrell wrist-
action shaker at room temperature. Carrington, Seymour, 
Grundy, Ida, Webster, and Huff soils were used with ten of 
the solutions as indicated in Table 2g. The reaction period 
was I6& hours at 5° 0. with intermittent shaking followed by 
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shaking for the last hour on a Burrell wrist-action shaker at 
room temperature. 
4. Results 
Tables 2^-, 2R, 26, 27 ,  and. 2S give the data obtained 
from these reactions. In some instances where the solutions 
used were of slightly different concentrations, interpolations 
were made in calculations so that data from each set of con­
centrations would be directly comparable. 
G-. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by Eight Soils During a loS-Hour 
Equilibration Period from Solutions Prepared from 
Monobasic Orthophosphate and Viscous-Phase Calcium 
Me t apho spha t e 
1. Soils 
The soils used in this experiment were the Carrington, 
Seymour, Grundy, Elliot, Ida, Webster, Huff, and Larimer soils 
described in Table 5. Forty-five ml. of water were used in 
the initial soaking period. 
2. Solutions 
Three solutions were prepared from laboratory-prepared, 
viscous-phase calcium metaphosphate and from monobasic calcium 
orthophosphate by dilution of solutions prepared as described 
In Part III. The phosphorus analyses of these solutions are 
given in Table 29. With each soil, the original pH of the 
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Table 24. Sorption of orthophosphate and nonorthophosphate phosphorus by E; 
period from solutions prepared from monobasic calcium ortnophcspl 
P added to soil, P remaining in solution, 
jug. per g. of so il or per 15 ml. jug. per g. of soil or per 15 ml. P< 
Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n T< 
75 3 72 0.96 7 3 4 0.57 
75 19 56 G. 75 8 5 3 0.37 
75 38 37 0.50 9 8 1 0.11 
75 56 19 0.25 11 10 1 0.09 
75 75 0 0 13 13 G G 
225 7 218 0.96 47 12 35 0.74 ] 
225 56 169 0.75 46 24 22 0.48 ] 
225 113 112 0.50 52 40 12 0.23 ] 
225 169 56 0.25 61 58 3 0.05 ] 
225 225 0 0 74 76 -2 -0.03 ] 
450 18 432 0.96 133 26 107 0.80 
450 113 337 0.75 127 65 62 0.49 
450 225 225 0.50 138 106 32 0.23 
450 338 112 0.25 165 153 12 0.07 
450 450 G G 201 201 G 0 Z 
675 27 648 0.96 236 42 194 0.82 I 
675 169 506 0.75 232 107 125 0.54 I 
675 338 337 0.50 248 183 65 0.26 I 
675 506 169 0.25 292 268 24 0.08 
675 675 0 0 344 352 -8 -0.02 
900 36 864 0.96 346 56 290 0.84 £= 
900 225 675 0.75 338 155 183 0.54 (= 
900 450 450 0.50 360 268 92 0.26 U 
900 675 225 0.25 424 392 32 0.08 4 
900 900 0 0 504 504 0 0 c 
losphate phosphorus by Elliot silt loam during a 168-hour equilibration 
Dasic calcium ortnophcsphate and laboratory-prepared calcium metaphosphate 
g in solution, P sorbed by soil, 
soil or per 15 ml. pg. per g. of soil or per 15 ml. pH of 
Nonortho- n Or tri­ Nonortho­ n original 
5 phosphate 
c
 
+
 o Total phosphate phosphate o + n solution 
4 0.57 68 0 68 1.00 6.6 
3 0.37 67 14 53 0.79 6.7 
1 0.11 66 30 36 0.55 6.7 
1 0.09 64 46 18 0.28 6.7 
0 0 62 62 0 0 6.7 
35 0.74 178 -5 183 1.03 6.1 
22 0.48 179 32 147 0.82 6.2 
12 0.23 173 73 100 0.58 6.2 
3 0.05 164 111 53 0.32 6.2 
-2 -0.03 151 149 2 0.01 6.2 
107 0.80 317 -8 325 1.03 4.9 
62 0.49 323 48 275 0.85 5.1 
32 0.23 312 119 193 0.62 5.2 
12 0.07 285 185 100 0.35 5. 5 
0 0 249 249 0 0 5.6 
194 0.82 439 -15 454 1.03 4.4 
125 0.54 443 62 381 0.86 4.5 
65 0.26 427 155 272 0.64 4.7 
24 0.08 383 238 145 0.38 5.0 
-8 -0.02 331 323 8 0.02 5.1 
290 0.84 554 -20 574 1.04 4.2 
183 0.54 562 70 492 0.88 4.2 
92 0.26 540 182 358 0.66 4.3 
32 0.08 476 283 193 0.41 4.7 
0 0 396 396 0 0 4.8 
Table 25. Sorption of orthophosphate and nonorthophosphate phosphorus by Elliot silt loam during 
a 24-hour equilibration period from solutions prepared from monobasic calcium ortho-
phosphate and laboratory-prepared calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
yq. per q. of soil or per 15 ml. wq. per q. of soil or per 15 ml. Ajq. per q. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho­ n Ortho- Nonortho­ n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 3 72 0.96 19 2 17 0.89 56 1 55 0.98 
75 19 56 0.75 17 7 10 0.59 58 12 46 0.79 
75 38 37 0.50 20 13 7 0.35 55 25 30 0.55 
75 56 19 0.25 21 19 2 0.10 54 37 17 0.31 
75 75 0 0 25 26 -1 -0.04 50 49 1 0.02 
225 7 218 0.96 76 6 70 0.92 149 1 148 0.99 
225 56 169 0.75 76 27 49 1.64 149 29 120 0.81 
225 113 112 0.50 79 54 25 0.32 146 59 87 0.60 
225 169 56 0.25 92 83 9 0.10 133 86 47 0.35 
225 225 0 0 110 110 0 0 115 115 (j 0 
450 18 432 0.96 180 18 162 0.90 270 0 270 1.00 
450 113 337 0.75 174 34 140 0.80 276 79 197 0.71 
450 225 225 0.50 183 130 53 0.29 267 95 172 0.64 
450 338 112 0.25 219 195 24 0. 11 231 143 88 0.38 
450 450 0 0 258 258 0 0 192 192 0 L 
675 27 648 0.96 300 28 272 0.91 375 -1 376 1.00 
675 169 506 0.75 288 114 174 0.60 387 55 332 0.86 
675 338 337 0.50 306 219 87 0.28 369 119 250 0.68 
675 506 169 0.25 356 324 32 0.09 319 182 137 0.43 
675 675 0 0 426 426 0 0 249 249 0 0 
900 36 864 0.96 416 40 376 0.90 484 -4 488 1.01 
900 225 675 0.75 408 162 246 0.60 492 63 429 0.87 
900 450 450 0.50 440 306 134 0.30 460 144 316 0.69 
900 675 225 0.25 512 448 64 0.12 388 227 161 0.41 
900 900 0 0 600 600 o 0 300 300 0 0 
Table 26. Sorption of orthophosphate and nonorthophosphate phosphorus by Larimer fine sandy loam 
during a 168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and laboratory-prepared calcium metaphosphate 
P added to soil, P remaining in solutli on, P sorbed by soil, 
jug. per q. of soil or per 15 ml. l iq. per q. of soil or per 15 ml. jug. per q. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 3 72 0.96 18 14 4 0.22 57 -11 68 1.19 
75 19 56 0.75 22 19 3 0.14 53 0 53 1.00 
75 38 37 0.50 25 23 2 0.08 50 15 35 0.70 
75 56 19 0.25 28 28 0 0 47 28 19 0.40 
75 75 0 0 31 33 -2 -0.06 44 42 2 0.05 
225 7 218 0.96 97 44 53 0.55 128 -37 165 1.29 
225 56 169 0.75 89 66 23 0.26 136 -10 146 1.07 
225 113 112 0.50 96 86 10 0.10 129 27 102 0.79 
225 169 56 0.25 114 108 6 0.05 111 61 50 0.45 
225 225 0 0 132 136 -4 -0.03 93 89 4 0.04 
450 18 432 0.96 222 75 147 0.66 228 -57 285 1.25 
450 113 337 0.75 213 122 91 0.43 237 -9 246 1.04 
450 225 225 0.50 222 186 36 0.16 228 39 189 0.83 
450 338 112 0.25 264 249 15 0.06 186 89 97 0.52 
450 450 0 0 308 312 -4 -0.01 142 138 4 0.03 
675 27 648 0.96 370 97 273 0.74 305 -70 375 1.23 
675 169 506 0.75 348 177 171 0.49 327 -8 335 1.02 
675 338 337 0.50 374 276 98 0.26 301 62 239 0.79 
675 506 169 0.25 411 383 28 0.07 264 123 141 0.53 
675 675 0 0 486 482 4 0.01 189 193 -4 -0.02 
900 36 864 0.96 536 108 428 0.80 364 -72 436 1.20 
900 225 675 0.75 520 232 288 0.55 380 -7 387 1.02 
900 450 450 0.50 512 382 130 0.25 388 68 320 0.82 
900 675 225 0.25 568 528 40 0.07 332 147 185 0. 56 
900 900 0 0 665 672 -7 -0.01 235 228 7 0.03 
Table 27. Sorption of orthophosphate and nonorthophosphate phosphorus by Larimer fine sandy loam 
during a 24-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and laboratory-prepared calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
yug. per q. of soil or per 15 ml. jug. per q. of soil or per 15 ml. jug. per q. of soil or per 15 ml. 
Ortho- Nonortho­ n Ortho- Nonortho- n Ortho- Nonortho­ n 
Total phosohate phosphate o + n Total phosohate phosphate o + n Total phosphate phosphate o + n 
75 3 72 0.96 26 7 19 0.73 49 -4 53 1.08 
75 19 56 0.75 27 14 13 0.48 48 5 43 0.90 
75 38 37 0.50 29 11 18 0.62 46 27 19 0.41 
75 56 19 0.25 34 15 19 G. 56 41 41 0 G 
75 75 0 0 39 38 1 0.03 36 37 -1 -0.03 
225 7 218 0.96 107 5 102 0.95 118 2 116 0.98 
225 56 169 0.75 103 43 60 0.58 122 13 109 0.89 
225 113 112 0.50 111 77 34 0.31 114 36 78 0.68 
225 169 56 0.25 125 111 14 0.11 100 58 42 0.42 
225 225 C 0 142 144 -2 -0.01 83 81 2 0.02 
450 18 432 0.96 239 27 212 0.89 211 -9 220 1.04 
450 113 337 0.75 225 88 137 0.61 225 25 200 0.89 
450 225 225 0.50 239 168 71 0.30 211 57 154 0.73 
450 338 112 0.25 277 249 28 0.10 173 89 84 0.49 
450 450 0 0 322 329 -7 -0.02 128 121 7 0.05 
675 27 648 0.96 392 32 360 0.92 283 -5 288 1.02 
675 169 506 0.75 374 141 233 0.62 301 28 273 0.91 
675 338 337 0.50 383 264 119 0.31 292 74 218 0.75 
675 506 169 0.25 430 402 28 0.07 245 104 141 0.58 
675 675 0 G 505 522 -17 -0.03 170 153 17 0.10 
900 36 864 0.96 568 42 526 0.93 332 -6 338 1.02 
900 225 675 0.75 544 192 352 0.65 356 33 323 0.91 
900 450 450 0.50 560 392 168 0.30 340 58 282 0.83 
900 675 225 0.25 600 576 24 0.04 300 99 201 0.67 
900 900 0 G 688 704 ™16 -0.02 212 196 16 0.08 
Table 28. Sorption of orthophosphate and nonorthophosphate phosphorus by six soils during a 
168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and laboratory-prepared calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
ig. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. jug. per g. of soil or per 15 mJ 
Ortho- Nonortho­ n Ortho- Nonortho- n Ortho- Nonortho- n 
rotal phosphate phosphate o + n Total phosphate phosphate o + n Total phosphat e phosphate o + r 
Carrington silt loam 
75 3 72 0.96 13 4 9 0.69 62 -1 63 1.02 
75 19 56 0.75 16 9 7 0.44 59 10 49 0.83 
225 7 218 0.96 58 14 44 0.76 167 -7 174 1.04 
225 56 169 0.75 71 30 41 0.58 154 26 128 0.83 
450 18 432 0.96 159 27 132 0.83 291 -9 300 1.03 
450 113 337 0.75 168 69 99 0.59 282 44 238 0.84 
675 27 648 0.96 256 34 222 0.87 419 -7 426 1.02 
675 169 506 0.75 260 108 152 0.58 415 61 354 0.85 
900 36 864 0.96 360 48 312 0.87 540 
-12 552 1.02 
900 225 675 0.75 384 158 226 0.59 516 67 449 0.87 
Seymour silt loam 
75 3 72 0.96 9 3 6 0.67 66 0 66 1.00 
75 19 56 0.75 12 7 5 0.42 63 12 51 0.81 
2.25 7 218 0.96 53 13 40 0.75 172 -6 178 1.03 
225 56 169 0.75 68 33 35 0.51 157 23 134 0.8L 
450 18 432 0.96 150 26 124 0.83 300 -8 308 1.03 
450 113 337 0.75 168 80 88 0.52 282 33 249 0.88 
675 27 648 0.96 264 42 222 0.84 411 -15 426 1.04 
675 169 506 0.75 276 128 148 0.54 399 41 358 0.90 
900 36 864 0.96 384 64 320 0.83 516 -28 540 1.05 
900 225 675 0.75 400 176 224 0.56 500 49 451 0.90 
Table 28. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. fjg. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho­ n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
75 3 72 0.96 6 
Grundy silt loam 
4 2 0.33 69 -1 70 1.01 
75 19 56 0.75 10 8 2 0.20 65 11 54 0.83 
225 7 218 0.96 36 22 14 0.39 189 -15 204 1.08 
225 56 169 0.75 56 38 18 0.33 169 18 151 0.89 
450 18 432 0.96 lly 44 77 0.64 329 -26 355 1.08 
450 113 337 0.75 150 85 65 0.43 300 28 272 0.91 
675 27 648 0.96 220 67 153 0.70 455 -40 495 1.09 
675 169 506 0.75 252 140 112 0.44 423 29 394 0.93 
900 36 864 0.96 346 90 256 0.74 554 -54 608 1.10 
900 225 675 0.75 354 210 144 0.41 546 15 531 0.97 
Ida i silt loam 
75 3 72 0.96 12 12 0 0 63 -9 72 1.14 
75 19 56 0.75 16 16 0 0 59 3 56 0.95 
225 7 218 0.96 73 51 22 0.30 152 -44 196 1.29 
225 56 169 0.75 86 64 22 0.26 139 -8 147 1.06 
450 18 432 0.96 . 183 90 93 0.51 267 -72 339 1.27 
450 113 337 0.75 207 128 79 0.38 243 -15 258 1.06 
675 27 648 0.96 324 112 212 0.65 351 -85 436 1.24 
675 169 506 0.75 336 189 147 0.44 339 -20 359 1.06 
900 36 864 0.96 472 141 331 0.70 428 -105 533 1.25 
900 225 675 0.75 472 250 222 0.47 428 -25 453 1.06 
Table 28. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
iuq. per g. of soil or per 15 ml. jug. per g. of soil or per 15 ml. jig. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho­ n Ortho- Honortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphat e phosphate o + n 
Webster silt loam 
75 3 72 0.96 14 10 4 0.29 61 -7 68 1.11 
75 19 56 0.75 23 19 4 0.17 52 0 52 1.00 
225 7 218 0.96 71 37 34 0.48 154 -30 184 1.19 
225 56 169 0.75 100 69 31 0. 31 125 -13 138 1.10 
450 18 432 0.96 189 73 116 0.61 261 -55 316 1.21 
450 113 337 0.75 225 139 86 0.38 225 -26 251 1.12 
675 27 648 0.96 319 110 209 0.66 356 -83 439 1.23 
675 169 506 0.75 356 213 143 0.40 319 -44 363 1.14 
900 36 864 0.96 464 143 321 0.69 436 -107 543 1.25 
900 225 675 0.75 504 279 225 0.45 396 -54 450 1.14 
Huff loam 
75 3 72 0.96 24 23 1 0.04 51 -20 71 1.39 
75 19 56 0.75 30 29 1 0.03 45 -10 55 1.22 
225 7 218 0.96 97 78 19 0.20 128 -71 199 1.55 
225 56 169 0.75 115 102 13 0.11 110 -46 156 1.42 
450 18 432 0.96 225 130 95 0.42 225 -112 337 1.50 
450 113 337 0.75 239 179 60 0.25 211 -66 277 1.31 
675 27 648 0.96 374 166 208 0. 56 301 -139 440 1.46 
675 169 506 0.75 379 250 129 0.34 296 -81 377 1.27 
900 36 864 0.96 528 189 339 0.64 372 -153 525 1.41 
900 225 675 0.75 536 306 230 0.43 364 -81 445 1.22 
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first solution was 5-^ and that of the second and third solu­
tions was 5.5. 
3. Time of reaction and temperature 
The reactions were carried out for a period of 16B hours 
at 5® C. with intermittent shaking followed by continuous 
shaking for the last hour on a Burrell wrist-action shaker at 
room temperature. 
4-, Results 
Table 2Q gives the data obtained from these reactions. 
H. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by Eight Soils During a log-Hour 
Equilibration Period from Solutions Prepared from 
Monobasic Sodium Orthophosphate and Sodium Meta­
phosphate 
1. Soils 
The soils used in this experiment were the Carrington, 
Seymour, Grundy, Elliot, Ida, Webster, Huff, and Larimer 
soils described in Table 5» Forty-five ml. of water were 
used in the initial soaking period. 
2. Solutions 
Three solutions were prepared from monobasic sodium 
orthophosphate and sodium metaphosphate by dilution of 
solutions prepared as described in Part III. The phosphorus 
analyses of these solutions are given in Table 3°. With each 
Table 29. Sorption of orthophosphate and nonorthophosphate phosphorus by eight soils during a 
168-hour equilibration period from solutions prepared from monobasic calcium 
orthophosphate and viscous-phase calcium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
pg. per g. of soil or per 15 ml. jjg. per g. of soil or per 15 ml. ng. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
Carrington silt loam 
450 14 436 0.97 132 16 116 0.91 318 -2 320 1.01 
450 144 306 0.68 132 68 64 0.48 318 76 242 0.76 
450 297 153 0.34 166 151 15 0.09 284 146 138 0.46 
Seymour silt loam 
450 14 436 0.97 125 16 109 0.87 325 -2 327 1.01 
450 144 306 0.68 137 74 63 0.46 313 70 243 0.78 
450 297 153 0.34 173 156 17 0.10 277 141 136 0.49 
Grundy silt loam 
450 14 436 0.97 97 22 75 0.77 353 -8 361 1.02 
450 144 306 0.68 122 73 49 0.40 328 71 257 0.78 
450 297 153 0.34 168 156 12 0.07 282 141 141 0.50 
Elliot silt loam 
450 14 436 0.97 122 16 106 0.87 328 -2 330 1.01 
450 144 306 0.68 127 66 61 0.48 323 78 245 0.76 
450 297 153 0.34 161 142 19 0.12 289 155 134 0.46 
Ida silt loam 
450 14 436 0.97 175 85 90 0.51 275 -71 346 1.26 
450 144 306 0.68 186 137 49 0.26 264 7 257 0.97 
450 297 153 0. 34 222 204 18 0.08 228 93 135 0.59 
Table 29. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
jutq. per q. of soil or per 15 ml. jjq. per q. of soil or per 15 ml. ug. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
Webster silt loam 
450 14 436 0.97 168 55 113 0.67 282 -41 323 1.15 
450 144 306 0.68 191 134 57 0.30 259 10 249 0.96 
450 297 153 0.34 250 235 15 0.06 200 62 138 0.69 
Huff loam 
450 14 436 0.97 206 107 99 0.48 244 -93 337 1.38 
450 144 306 0.68 219 166 53 0.24 231 -22 253 1. 10 
450 297 153 0.34 256 244 12 0.05 194 53 141 0.73 
Larimer fine sandy loam 
450 14 436 0.97 205 64 141 0.69 245 -50 295 1.20 
450 144 306 0.68 197 123 74 0.38 253 21 232 0.92 
450 297 153 0.34 230 214 16 0.07 220 83 137 0.62 
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soil, the original pH of the first solution was ^.2, the pK of 
the second solution was F.6, and the pH of the third solution 
vas 6.0. 
3. Time of reaction and temperature 
The reactions were carried out for a period of l6S hours 
at 5° C. with intermittent shaking followed by continuous 
shaking for the last hour on a Burrell wrist-action shaker 
at room temperature. 
4. Results 
Table 30 gives the data obtained from these reactions. 
I. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by Eight Soils During a 168-Hour 
Equilibration Period from Solutions Prepared from 
Monobasic Ammonium Orthophosphate and T. V. A. 
Ammonium Metaphosphate 
1. Soils 
The soils used in this experiment were the Carrington, 
Seymour, Grundy, Elliot, Ida, Webster, Huff, and Larimer 
soils described in Table 5* Forty-five ml. of water were 
used in the initial soaking period. 
2. Solutions 
Three solutions were prepared from monobasic ammonium 
orthophosphate and T. V. A. ammonium metaphosphate by dilu­
tion of solutions prepared as described In Part III. The 
Table 30. Sorption of orthophosphage and nonorthophosphate phosphorus by eight soils during a 
168-hour equilibration period from solutions prepared from monobasic sodium ortho-
phosphate and sodium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
pg. per g. of soil or per 15 ml. jjg. per g. of soil or per 15 ml. pg. per g. of soil or per 15 mi. 
Ortho- Nonortho­ n Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
Carrington silt loam 
450 131 319 0.71 197 97 100 0.51 253 34 219 0.87 
450 234 216 0.48 206 157 49 0.24 244 77 167 0.68 
450 450 0 0 258 266 -8 -0.03 192 184 8 0.04 
Seymour silt loam 
450 131 319 0.71 204 97 107 0.52 246 34 212 0. 86 
450 234 216 0.48 206 155 51 0.25 244 79 165 0.68 
450 450 0 0 260 262 -2 -0.01 190 188 2 0.01 
Grundy silt loam 
450 131 319 0.71 168 107 61 0.36 282 24 258 0.91 
450 234 216 0.48 183 155 28 0.15 267 79 188 0.70 
450 450 0 0 244 249 -5 -0.02 206 201 6 0.03 
Elliot silt loam 
450 131 319 0.71 189 93 96 0.51 261 38 223 0.85 
450 234 216 0.48 201 145 56 0.28 249 89 160 0.64 
450 450 0 0 244 244 0 0 206 206 0 u 
Ida silt loam 
450 131 319 0.71 204 120 84 0.41 246 11 235 0.96 
450 234 216 0.48 222 181 41 0.18 228 53 175 0.77 
450 450 0 0 289 289 0 0 161 161 0 C 
Table 30. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
pg. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. jjg. per g. of soil or per 15 ml. 
Ortho­ Nonortho- n Ortho- Nonortho- n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
Webster silt loam 
450 131 319 0.71 227 139 88 0.39 223 -8 231 1.04 
450 234 216 0.48 256 203 53 0.21 194 31 163 0.84 
450 450 0 0 337 340 -3 -0.01 113 110 3 0.03 
Huff loam 
450 131 319 0.71 238 173 65 0.27 212 -42 254 1.20 
450 234 216 0.48 255 228 27 0.11 195 6 189 0.97 
450 450 0 0 319 319 0 0 131 131 0 0 
Larimer fine sandy loam 
450 131 319 0.71 216 114 102 0.47 234 17 217 0.93 
450 234 216 0.48 230 188 42 0.18 220 46 174 0.79 
450 450 0 0 307 307 0 0 143 143 0 0 
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phosphorus analyses of these solutions are given in Table 31• 
Hith each soil, the original pH of the first solution was 6.0, 
that of the second was b.'r, and that of the third was 6.6. 
3. Time of reaction and temperature 
The reactions were carried out for a period of loS hours 
at 5° C. id.th intermittent shaking followed by continuous 
shaking for the last hour on a Burrell wrist-action shaker at 
room temperature. 
4. Results 
Table yi gives the data obtained from these reactions. 
Table 31. Sorption of orthophosphate and nonorthophosphate phosphorus by eight soils during a 
168-hour equilibration period from solutions prepared from monobasic ammonium 
orthophosphate and T. V. A. ammonium metaphosphate 
P added to soil, P remaining in solution, P sorbed by soil, 
pg. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Or tho- Nonortho- n Or tho - Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
Carrington silt loam 
450 99 351 0.78 63 39 24 0.38 387 60 327 0.85 
450 185 265 0.59 156 107 49 0.31 294 78 216 0.73 
450 450 0 0 233 233 0 0 217 217 0 0 
Seymour silt loam 
450 99 351 0.78 154 61 93 0.60 296 38 258 0.87 
450 185 265 0.59 151 104 47 0.31 299 81 218 0.73 
450 450 0 0 244 244 0 0 206 206 0 0 
450 99 351 0.78 142 
Grundy silt loam 
91 51 0.36 308 8 300 0.97 
450 185 265 0.59 132 102 30 0.23 318 83 235 0.74 
450 450 0 0 235 235 0 0 215 215 0 0 
Elliot silt loam 
450 99 351 0.78 161 53 108 0.67 289 46 243 0.84 
450 185 265 0.59 151 94 57 0.38 299 91 208 0.70 
450 450 0 0 219 222 -3 -0.01 231 228 3 0.01 
Ida silt loam 
450 99 351 0.78 158 90 68 0.43 292 9 283 0.97 
450 185 265 0.59 166 133 33 0.20 284 52 232 0.82 
450 450 0 0 283 280 3 0.01 167 170 -3 -0.02 
Table 31. Continued 
P added to soil, P remaining in solution, P sorbed by soil, 
jug. per g. of soil or per 15 ml. pg. per g. of soil or per 15 ml. jjg. per g. of soil or per 15 ml. 
Ortho- Nonortho- n Ortho- Nonortho­ n Ortho- Nonortho- n 
Total phosphate phosphate o + n Total phosphate phosphate o + n Total phosphate phosphate o + n 
Webster silt loam 
450 99 351 0.78 156 90 66 0.42 294 9 285 0.97 
450 185 265 0.59 186 150 36 0.19 264 35 229 G.87 
450 450 0 0 334 335 -1 G 116 115 1 C.01 
Huff loam 
450 99 351 0.78 163 109 54 0.33 287 -10 297 1.03 
450 185 265 0.59 209 167 42 0.20 241 18 223 0.93 
450 450 0 0 313 313 0 0 137 137 0 0 
Larimer fine sandy loam 
450 99 351 0.78 170 96 74 0. 44 280 3 277 0.99 
450 185 265 0.59 180 145 35 0.19 270 40 230 0.85 
450 450 0 0 307 307 0 G 143 143 G G 
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V. EVALUATION OF DATA 
In investigating the sorption of orthophosphate and 
nonorthophosphate phosphorus by soils and attempting to find 
the reasons for differences in reaction of orthophosphate and 
nonorthophosphate phosphorus with soils, the series of 
experiments described in part IV was carried out. 
A. Orthophosphate and Nonorthophosphate Forms of 
Phosphorus Found by Analysis after Different 
Lengths of Time in Acueous Solutions Prepared 
from Monobasic Calcium Phosphate and T. V. A. 
Calcium Metaphosphate and Maintained at 5° C. 
This experiment was conducted with solutions of ortho-
phosphate and nonorthophosphate prepared as described in IV-A. 
The solutions were comparable to those which were intended 
for use with subsequent reactions with soils. The purpose 
of this experiment was to find the rate of hydrolysis of non­
orthophosphate to orthophosphate in solutions. The data 
appear in Table 6. The figures are grouped in rows of five 
which correspond to one particular total phosphorus concentra­
tion. In each group of five rows the figures in the fifth 
row represent an orthophosphate solution. Negative numbers 
indicate experimental error, since nonorthophosphate values 
were obtained by the difference between total phosphorus and 
ortiiophosphate phosphorus. The absence of values In row four 
of the first group resulted from the solution being frozen in 
a tube placed too near the freezing unit. 
The data indicate that some hydrolysis was taking place. 
The nonorthophosphate analyses of July 10 and August 1, con­
sidering all solutions, indicated an average rate of hydrol­
ysis of about 5.5 per cent for the 2c-day period. Thus for 
a 24-hour period or even for 1 week, the rate of hydrolysis 
was relatively low and was considered to be negligible for 
the purpose at hand. The rate of hydrolysis did not appear 
to have any definite relation to the initial concentration of 
the solution or the original ratio of nonorthophosphate to 
orthophosphate in solution. 
B. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by 28 Soils During a 24—Hour Equili­
bration Period at Room Temperature from Solutions 
Prepared from T. V. A. Concentrated Superphosphate 
and T. V. A. Calcium Metaphosphate 
This experiment was purposely conducted with a large 
number of soils with a wide range of properties. A descrip­
tion of these soils is found in Table 4. Table 7 gives the 
direct results of the sorption studies. From this experiment, 
where orthophosphate and nonorthophosphate phosphorus were 
sorbed by soils from solutions containing approximately 50 
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per cent orthophosphate and 50 per cent nonorthophosphate 
phosphorus at three different levels of total phosphorus con­
centrations, several observations were made. 
Notable among these observations was the apparent 
preferential sorption of the nonorthophosphate phosphorus 
over the orthophosphate phosphorus. This behavior was more 
in evidence with the soils having a pH greater than 7 than 
with acid soils. 
It also appeared that at the low total phosphorus con­
centration (50 pg. of phosphorus added per g. of soil) the 
percentage of orthophosphate phosphorus sorbed was less than 
at the higher total phosphorus concentrations. A possible 
explanation of this relatively low orthophosphate phosphorus 
sorption at the low concentration is that the influence of soil 
orthophosphate per unit of added orthophosphate would be 
expected to be greater at the low added phosphorus concentra­
tions than at higher concentrations, making the effective 
orthophosphate phosphorus concentration possibly much greater 
than 50 per cent. It might be possible also that as the total 
phosphorus concentration increases, the preferential sorption 
changes with the nature of the sorption sites to which the 
phosphorus becomes attached. 
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C. Sorption, of Orthophosphate and Nonorthophosphate 
Phosphorus by Four Soils During a 24-Hour 
Equilibration Period at Room Temperature from 
Solutions Prepared from T. V. A. Concentrated 
Superphosphate and T. V. A. Calcium Metaphosphate 
It was recognized from the preceding experiment that the 
use of so large a number of soils vas unwieldy, and that a 
more satisfactory investigation could be accomplished by 
using a smaller group of soils. It was also apparent that 
the use of only phosphorus solutions containing 5° per cent 
orthophosphate and RO per cent nonorthophosphate would not 
serve to give as much information as would the use of solu­
tions with a wide range of ratios of orthophosphate to non­
orthophosphate phosphorus. 
It was possible to prepare solutions containing 100 per 
cent orthophosphate phosphorus from T. V. A. concentrated 
superphosphate, but solutions containing only nonorthophos­
phate phosphorus could not be prepared from T. V. A. calcium 
metaphosphate. In solutions prepared from T. V. A. calcium 
metaphosphate a minimum of 12 or 13 per cent of the total 
phosphorus was present in the orthophosphate form. 
Solutions were prepared as described in Part IV-C with 
three ratios of orthophosphate to nonorthophosphate phosphorus 
and eight concentrations of total phosphorus. Results of these 
sorption studies are given in Tables g, 9, 10, and 11. 
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Beyond illustrating the decided apparent preferential 
sorption of the nonorthophosphate phosphorus, especially by 
the Huff soil, and the slight apparent preferential sorption 
by the Elliot soil, a mere tabulation of the data was not 
satisfactory and a better method of presenting the data as 
well as a more satisfactory design for experimental purposes 
was sought. 
D. Sorption of Orthophosphate and Nonorthophosphate 
Phosphorus by Eight Soils during a l6S-Hour 
Equilibration Period from Solutions Prepared from 
Monobasic Calcium Orthophosphate and T. V. A. 
Calcium l-:etaphosphate 
From observations made while conducting the preceding 
experiment it appeared that more complete data could be 
obtained by increasing the number of solutions at any one 
total phosphorus concentration. This was accomplished by 
establishing five solutions with ratios of orthophosphate to 
nonorthophosphate phosphorus varying from 100 per cent ortho-
phosphate to as high a concentration of nonorthophosphate 
phosphorus as could be made from T. V. A. calcium metaphos-
phate. An additional four soils were used. Three of the 
additions! soils, Grundy, Seymour, and Ida, were obtained 
from samples taken from check plots in experiments designed 
to compare sources of phosphorus using tracer phosphorus. 
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T. V. A. calcium metaphosphat e and concentrated superphos­
phate were among the sources of phosphorus used in these 
field experiments. 
The period of reaction was extended from 24 hours to 
lôo hours, thus permitting a closer approach to an equili­
brium condition. It was thought this longer period of reac­
tion might favor microbial activity, which would cause incon­
sistencies. To reduce microbial activity and to decrease 
hydrolysis of the nonorthophosphate form, the system was kept 
at a low temperature. The original solutions were made up at 
5° C., and this temperature was maintained throughout the 1'oB-
hour equilibration period up to the time the solutions were 
analyzed. The detailed procedures for this experiment are 
found in Part IV-D, and Tables 12 through 19 give the sorption 
data obtained. 
It was hoped that an equation might be found that would 
represent the simultaneous sorption of tv.v substances and 
consequently allow derivation of information concerning the 
relative behavior of the two phosphate forms. A modified form 
of the Langmuir equation that would express the simultaneous 
sorption of two substances was discovered (Brunauer, 19^3), 
but with the systems under consideration this equation did not 
appear to be useful because it required knowledge of variables 
that could not be measured. 
A method of representation was found with only an elemen­
7^ 
tary theoretical basis. Assumptions must be made that the 
sorbing substance carries only a single type of phosnhate-
corbing site, and that the sorbing substance is phosphate-
free. From a solution containing only orthophosphate, only 
orthophosphate can be sorbed, and in like manner from a 
solution containing only nonorthophosphate, only nonortho­
phosphate can be sorbed, vJhen solutions containing both 
forms of phosphate are in contact T.vith the sorbing substance, 
the relative sorption of the tvo forms v;ill be dependent upon 
the proportionate quantities present in the solution and on 
any preferential sorption that may be displayed for either 
form. 
The situation described in the preceding paragraph may 
be expressed by the equation 
— sorbed = ( n added )c 
*o + ^n po + pn 
where Pn and P0 refer to quantities of nonorthophosphate and 
orthophosphate, respectively, and_c is a parameter. If both 
the orthophosphate and nonorthophosphate are expressed in 
units of phosphorus, the numerical value of the parameter jc 
will not be influenced by the presence of more than one com­
ponent in the nonorthophosphate form. 
The parameter _c becomes a means of expressing by a single 
number for any fixed set of experimental conditions the course 
of the curve obtained by the sorption of varying proportions 
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of orthophosphate and nonorthophosphate for a single 
adsorbent. When the adsorbent is changed and other condi­
tions are maintained the same, the c value provides a means 
of comparing one adsorbent with another. 
To test this empirical method the data from Table 12 and 
Table 1c were plotted according to the above equation. The 
Carrlngton soil, Table 12, was chosen as being representative 
of the acid soils and the Huff soil, Table Is, was chosen as 
being representative of the alkaline soils. Figure 1 shows 
the plot of the data from Table 12, and Figure 2 shows the 
plot of the data from Table lo. 
Although Figures 1 and 2 give some indications of the 
behavior of the systems represented, it is necessary to plot 
the logarithmic relations to evaluate the parameter c for each 
reaction. These logarithmic relations have been plotted in 
Figures 3 and 4. Part of the plots for the Carrington soil, 
Figure 3» follow fairly closely the requirements which must 
be met to have a valid comparison and to evaluate the parameter 
£. The requirements are that the plots must pass through the 
origin and must represent a straight line. The plots of the 
data with the Huff soil, Figure 4, do not comply with the 
requirements, as the deviation from passing through the origin 
is considerable. 
In a general way these two soils are representative of 
the behavior of the eight soils studied here, and for that 
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Fig. 1, Plot of the ratio of nonorthophosphate to total 
phosphorus sorbed by Garrington eilt loam versus 
the ratio of nonorthophosphate to total phos­
phorus added to the soil. Data from Table 12 
Fig. 2. Plot of the ratio of nonorthophosphate to total 
phosphorus sorbed by Huff loam versus the ratio 
of nonorthophosphate to total phosphorus added 
to the soil. Data from Table IS 
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reason the plots of the other soils are not included. The 
data from the Elliot soil follow closely the plots of the 
Garrington soil. The other two acid soils, Grundy and 
Seymour, although showing a greater deviation in their plots 
from passing through the origin, do follow in a general way 
the pattern represented here by the Garrington soil. The plot 
for the Huff soil deviates greatly from passing through the 
origin; this behavior is characteristic of the plots of the 
Larimer and Ida soils, both alkaline soils, and the Webster 
soil, a neutral soil. 
With recalculations and manipulations of the data it 
might have been possible to produce plots of these data which 
could be forced to pass through the origin and then from the 
slopes obtain a value for the parameter c. in each instance. 
However, since there was such a great deviation the values 
for the parameter _c would be Questionable. It appeared that 
probably the most valuable contributions which could be 
afforded from this attempt was the recognition that the sub­
ject did not comply with the requirements and the recognition 
of the need/J to ascertain the causes for the noncompliance. 
From a study of the data where the noncompliance was most 
evident it appeared that the chief contributing factor was the 
presence of much larger amounts of orthophosphate in solution 
after the equilibration period than would be expected if only 
orthophosphate from the original solution had been present 
In the system. In some instances the orthophosphate in 
solution after the ecullibration period far exceeded the 
orthophosphate added in the original solution. This "behav­
ior is most evident in Table lc, where reactions with the 
Huff soil were reported, but it can be seen also in Tables 16, 
17, and 19 representing the Ida, Webster, and Larimer soils, 
respectively. The same observation was made, but to a much 
lesser degree, with the other four soils (Tables 12, 13, 14, 
and 15 at the higher phosphorus concentrations). 
It was not at once apparent how these greater amounts 
of orthophosphate came to be present in the solutions after 
the equilibration period, but it appeared that there were two 
possible sources, namely, accelerated conversion of the non­
orthophosphate to the orthophosphate form, and release of 
orthophosphate from the soil. From an evaluation of these 
data alone it was impossible to establish which source was 
responsible. Since this subject is beyond just evaluation of 
the data it is deferred to the discussion section. 
To overcome some of the obstacles encountered in attempt­
ing to compare the reactions of the nonorthophosphate compo­
nent with the orthophosphate component it was decided that a 
consideration of the solutions obtained from the original 
fertilizer materials and how these solutions reacted with the 
soils was a more satisfactory approach. The more obvious 
consideration then was a comparison of the reactions of ortho-
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phosphate solutions and soils with reactions of solutions 
carrying the highest concentration of nonorthophosphate and 
soils. One way to compare these solutions would be to calcu­
late a ratio of total phosphorus sorbed from a solution to 
the total phosphorus added. This ratio could be called a 
" sorption coefficient". The 11 sorption coefficient " would be 
a means of comparison of reactions among soils and among 
solutions. The amount of phosphorus sorbed, however, is 
obtained indirectly by calculating the difference between 
the total phosphorus added and the total phosphorus in solu­
tion after a reaction. Both of these values, total phosphorus 
added and total phosphorus in solution after a reaction, are 
measured directly. Since both of these values are measured 
directly a better means of comparing reactions could be had 
from placing these values in ratio form, i,.e,., total phos­
phorus in solution after reaction to total phosphorus added 
and calling this the 11 solution coefficient ", the solution 
coefficient being the converse of the "sorption coefficient". 
The solution coefficient does not allow the nonortho­
phosphate reaction with soils to be compared directly with 
the orthophosphate reaction with soils. It does comprise a 
means for comparing the orthophosphate reaction with the 
carrier of the nonorthophosphate form. For practical pur­
poses this comparison probably is of greater value than a 
comparison of the behavior of the two forms individually. 
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Tables 12, 33, and 3*+ give values of the solution 
coefficients calculated from clata in Tables 12 through J>1. 
The data arranged in this way make it possible to study the 
effect of time, concentration, and source of nonorthophosphate 
on the various soils, as well as to make a comparison of one 
soil with another or one group of soils with another. The 
aggregate data of Table jM- summarize the results of the experi­
ments in Sections IV-G-, H, and I. 
In using the solution coefficient for evaluation of data 
or for comparisons, the interpretation is facilitated by 
recognizing that the lower limit of zero represents complete 
sorption and the upper limit of unity indicates no sorption. 
Specified reactions may be compared by evaluating differences 
between solution coefficients for the reactions. 
In Tables 32, 33# and 34 probably the most significant 
single observation is the greater sorption from the nonortho­
phosphate solutions when compared with corresponding sorption 
from orthophosphate solutions. The only instances where the 
sorptions from orthophosphate solutions equal or exceed the 
corresponding sorptions from the nonorthophosphate solutions 
are reactions with the Elliot soil reported in Table 32. With 
the Elliot soil for the 24-hour equilibration period the solu­
tion coefficient values for the two phosphorus forms are 
nearly equal at all concentrations, and at the two lower con­
centrations the nonorthophosphate solution coefficient values 
SH-
Table 32. Calculated values for reactions of soils with 
solutions of T. V. A. calcium metapliosphate and 
monobasic calcium orthophosphate at 5° C. 
Solution coefficientsa with indicated initial total 
phosphorus concentrations, iig. P per g. of soil 
75 225 450 675 900 
Soils Nb 0e N 0 NO NO NO 
165-hour equilibration oeriod (calculated from Tables 12, 13, 
l4, 15, 16, 17, IS, and 19) 
.32 .4o .41 .49 .47 .53 .50 .57 
.3p .39 A2 .4-9 .47 .55 .52 .59 
.24 .3; .37 .4? .44 .57 .49 .60 
.26 .34 .35 .44 .47 .52 .52 .57 
.33 .49 .49 .61 .52 .66 .56 .70 
.40 .67 .52 .74 .56 .79 .60 .SI 
.54 .64 .59 .72 .62 .73 .66 .77 
.35 .Go .47 .69 .55 .73 .60 .77 
Garrington .16 .27 
S eyaour 
.13 .23 
Grundy .11 .21 
Elliot .11 .19 
Ida .24 
.29 
Webster .27 .p2 
Huff .44 
Larimer .27 A5 
24-hour équilibration period (calculated from Tables 20, 21, 
22, and 23) 
Garrington .35-39 .47 .51 .55-59 .62 .65 .62 .70 
Elliot .35 .33 .43 .47 .55 .56 .62 .62 .63 .67 
Huff .40 .59 .57 .70 .65 .76 .69 .30 .71 .81 
Larimer .24 .49 .44 .63 .58 .69 .64 .73 .68 .76 
aRatio of total P remaining in solution after an equili­
bration period to total P in original solution 
^Nonorthophosphate (T. V. A. calcium metaphosphate) 
c0rthophosphate (monobasic calcium orthophosphate) 
Table 33• Calculated values for reactions of soils with 
solutions of laboratory-prepared calcium meta-
phosphate and monobasic calcium orthophosphate 
at 5° C. 
Solution coefficients^ with indicated initial total 
phosphorus concentrations, pg. P per g. of soil 
75 223 450 675 900 
Soils Nb oc N 0 N 0 N 0 N 0 
loS-hour eouilibration period (calculated from Tables 24, 26, 
and 28) 
Garrington 
Seymour 
G-rundy 
Elliot 
• 17 
.12 
.03 
.09 .17 
. 26 
.24 
.16 
.21 • 33 
.35 
.33 
.27 
.30 .45 
.35 
•39 
• 33 
• 35 .51 1 
Ida 
•v ebster 
Huff 
Larimer 
.16 
.19 
.41 
.32 
i .59 
:42 
.63 
.43 
A7 
• 55 
• 55 .72 
M 
•M 
24—hour equilibration period (calculated from Tables 25 and 27) 
Elliot .25 .33 .3.4. .4-9 .4o .57 .44 .63 .46 .67 
Larimer .35 .52 .43 .63 .53 .72 .58 .75 .&3 .7& 
aRatio of total P remaining in solution after an equili­
bration period to total P in original solution 
^Nonorthophosphate (laboratory-prepared calcium meta-
phosphate) 
0Orthophosphate (monobasic calcium orthophosphate) 
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Table Calculated values for reactions of soils at 5° C. 
•.':1th solutions prepared from various sources of 
nonorthophosphate and orthophosphate and having 
an initial concentration of 4^0 yig. P per g. of 
soil 
Solution coefficients®- with indicated sources of 
phosphorus 
Soils Nb 0° !!cI oe Nf OS 
Garrington .29 .49 .44 .57 .14 .52 
Seymour .28 .49 .45 .58 .;4 .64 
Grundy .22 .49 .37 -5^ -31 .52 
Elliot .27 .44 . 42 .54 .36 .49 
Ida .39 .61 .45 .64 .35 .6; 
Webster .37 .74 .50 .75 .35 .74 
Huff .46 .72 .53 .71 .36 .70 
Larimer .46 .69 .4s . 6S .yé .08 
aRatio of total P remaining in solution after an equili­
bration period to total P in original solution 
^Nonorthophosphate (viscous-phase calcium metaphosphate) 
calculated from Table 29 
°0rthophosphate (monobasic calcium orthophosphate) from 
Table J>2 
ono rthophosphate (sodium metaphosphate) calculated from 
Table 30 
eOrthophosphate ( sodium orthophosphate) calculated from 
Table 30 
^Nonorthophosphate (T. V. A. ammonium metaphosphate) 
calculated from Table 31 
SOrthophosphate (monobasic ammonium orthophosphate) 
calculated from Table 31 
s? 
slightly exceed those for the corresponding orthophosphate 
values. In general with all the soils the fact that the 
sorption of total phosphorus is consistently greater from 
solutions containing nonorthophosphate than from solutions 
of orthophosphate alone indicates that there is something 
about the nonorthophosphate solutions that causes a greater 
total sorption of phosphorus. 
In Table 32, where the reactions with the Garrington and 
Elliot soils may be studied in relation to time, in every 
instance the reaction at l6S hours gives a smaller solution 
coefficient for both the orthophosphate and nonorthophosphate 
reaction when compared with the corresponding 24—hour reaction. 
With the Huff and Larimer soils, except for the nonorthophos­
phate reaction at the lowest phosphorus concentration and the 
orthophosphate reaction at the highest phosphorus concentra­
tion for the Larimer soil, the solution coefficients are 
smaller for the l6S-hour reactions than for the corresponding 
24-hour reactions. There is no change with concentration in 
the values for the orthophosphate reaction with the Larimer 
soil where the initial solutions are designated as 450 and 
675 Ug. P per g. of soil. The differences with time are not 
nearly so great with the alkaline soils (Larimer and Huff) as 
with the acid soils (Garrington and Elliot). This observation 
Indicates that the reactions preceded at a faster rate with 
these alkaline soils than with the acid soils in this study, 
This is especially true with the Larimer soil reacting with 
the orthophosphate, as there is apparently little or no in­
crease in sorption after 2'4- hours at the higher concentra­
tions. 
Also from Table 32, where the solution coefficients for 
the monobasic calcium orthophosphate may be compared with 
those for the corresponding T. V. A. calcium metaphosphate 
in relation to time, it appears that for any one concentra­
tion and soil the difference between the solution coefficients 
for the orthophosphate and corresponding nonorthophosphate 
forms usually increases with time. Exceptions are the Huff 
soil at three concentrations, 75» 225, and 675 Pg. P per g. 
of soil, the Garrington soil at 900 ug. P per g. of soil, and 
the Larimer soil at 75 Pg. P per g. of soil. The Increase in 
difference for corresponding orthophosphate and nonorthophos­
phate solution coefficients with time indicates that the sorp­
tion of the nonorthophosphate form has continued at a greater 
rate than the sorption of the orthophosphate form. 
In Table 33, >-There the effect of time can be noted for 
only two soils, it is again apparent from the smaller solution 
coefficients for the l6S-hour reactions that the sorption has 
continued after the 2^-hour period. Again the total sorption 
and continued rate of sorption are greater for the Elliot soil 
than for the Larimer soil. The reactions with the Larimer 
soil show only small increases for the l6S-hour reactions com­
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pared with, the 24—hour reactions. 
From Table 3^ it appears that the source of the non­
orthophosphate has s0:iie effect on the solution coefficient. 
This is more striking since it appears that the source of 
the orthophosphate lias very little effect on the solution 
coefficient. Especially in the alkaline and neutral soils 
(Larimer, Huff, Ida, and Webster) is this true as the solution 
coefficients vary only slightly with the source of orthophos­
phate. However, any generalizations about source of.nonortho­
phosphate must be made with caution since the nonorthophos­
phate percentage varies witli the source. 
Taking values from Tables 32, 33, an& 3^, it is demon­
strated that the original concentration of the nonorthophos­
phate affects the solution coefficient. The solution 
coefficients are consistently smaller as the percentage non­
orthophosphate Increases. The T. V. A. calcium metaphosphate 
solutions contained only about 2>7 per cent nonorthophosphate. 
These solutions are represented in Table The laboratory-
prepared calcium metaphosphate solutions contained about 96 
per cent nonorthophosphate (Table 33), and the viscous-phase 
calcium metaphosphate contained in excess of 97 per cent 
nonorthophosphate (Table 3^). From columns in Tables 32, 33, 
and 3^ for the concentrations of 4-50 pg. of P per g. of soil, 
comparisons may be made which, with the exception of the 
Larimer soil, consistently illutrate the decrease in solution 
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coefficient values with the three sources of nonorthophosphate 
in the order mentioned, i._e., T. V. A. calcium metaphosphate, 
laboratory-prepared calcium metaphosphate, and viscous-phase 
calcium metaphosphate. The Larimer soil shows little differ­
ence in the solution coefficients with the three forms of 
nonorthophosphate. With the other soils the association 
appears to be related to the percentage nonorthophosphate in 
the three forms, although other factors may be responsible. 
There is probably considerable difference in the composition 
of the nonorthophosphate ions in each of the solutions as well, 
The solution coefficient increases consistently with an 
Increase in phosphorus concentration of the original solution. 
This effect is found with all the soils and is not outstanding 
with any one soil or with the acid or alkaline soils as a 
group. This behavior would be expected since the soils 
undoubtedly have a finite sorbing capacity. 
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VI. DISCUSSION 
In attempting to evaluate the data in the previous 
section, it was found that because of excess orthophosphate, 
the source of which could not be immediately explained, the 
parameter _c (Section V-D) could not be evaluated directly. 
Thus it was necessary to find other means of expressing the 
data. In Section III the description of soils includes 
values for labile soil phosphorus obtained by equilibration 
of soils with KHgPOlj. solutions containing tracer phosphorus. 
It was thought originally that these values might show how 
much soil phosphorus was taking part in the equilibration 
reactions with the orthophosphate and nonorthophosphate solu­
tions and that the amounts of soil phosphorus thus obtained 
would account for the differences among soils in amount of 
excess orthophosphate found in solution after equilibration 
with nonorthophosphate. With the higher concentrations of 
phosphorus it became apparent that the orthophosphate present 
in solution after an equilibration period was much greater 
than the value obtained with the p32 equilibration. The 
greater discrepancies in the data were found in the reactions 
with the alkaline and near neutral soils, some of which might 
be expected to contain greater amounts of native soil phos­
phorus than the acid soils. In these alkaline soils, such as 
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the Huff soil (Table I S ) ,  the nonorthophosphate form entirely 
disappeared from solution in some reactions and nearly so in 
others, and an excess of orthophosphate iras found in solution 
after the reaction period. 
The lover solution coefficients for the nonorthophosphate 
than for the orthophosphate solutions indicate that the non­
orthophosphate was being sorbed preferentially by the soils. 
Under these circumstances three different explanations may 
account for the observed behavior. First, the nonorthophos­
phate may have exchanged with native soil orthophosphate, 
releasing orthophosphate to the solution. If this explanation 
is correct, the isotopic dilution method must underestimate 
the amount of soil orthophosphate that undergoes exchange with 
the nonorthophosphate. Second, the nonorthophosphate may have 
hydrolyzed sufficiently to provide the extra orthophosphate. 
This explanation does not require that the soil orthophosphate 
found by isotopic dilution is an Inaccurate estimate of the 
amount of soil orthophosphate concerned in the reaction; how­
ever, it does require that some substance in the soil must 
cause the nonorthophosphate to hydrolyse more rapidly than 
was found in solutions in the absence of soil. Third, the 
excess of orthophosphate may have resulted from a combination 
of replacement of soil orthophosphate by nonorthophosphate and 
hydrolysis of the nonorthophosphate at a rate more rapid than 
that found in solutions in the absence of soil. 
The preferential sorption of nonorthophosphate over 
orthophosphate may be accounted for on the basis of the 
nature of the two forms. Evidence suggests that in acid 
soils the orthophosphate reacts primarily as the HgPO^." ion. 
One soil valence then would attract one HgPOlj- ion. The 
orthophosphate groups may be held by a soil-O-P bond. The 
nonorthophosphate groups probably have the same capability 
of reacting to form a soil-O-P bond. If this is true, a 
single soil attachment site would hold one atom of phosphorus 
as orthophosphate but two or more atoms of phosphorus as non­
orthophosphate. In view of present knowledge it does not 
seem likely that any of the nonorthophosphate is present as 
single P0^~ groups, a concept that is prevalent in the earlier 
literature. 
Adding credence to the above explanation is the apparently 
greater sorption of nonorthophosphate relative to orthophos­
phate in soils with pK greater than J, As the pH Increases, 
the predominance of HgPOij.- ions gives way to a predominance 
o f  H P O i j .  i o n s ,  t h e  l a t t e r  i n  t u r n  g i v i n g  w a y  t o  P O i o n s  a t  
pH values above those found normally in soils. These poly­
valent orthophosphate ions might require attachment to two or 
three times the number of soil valences necessary to hold the 
H2POJ4.- ion. Since the nonorthophosphate ion (except for 
pyrophosphate) presumably is not affected in this way by pH, 
the ratio of "Che number of sites capable of holding nonortho-
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phosphate to those capable of holding orthophosphate may be 
greater in alkaline soils than in acid soils. 
The work of Buehrer and Reiteaeier (19^0) lends support 
to the observations made here with al.caline soils, although 
the conditions of their experiment s were restricted to such 
an extent that generalisations are not advisable. They found 
that low concentrations of sodium metaphosphate in ammoniacal 
solutions greatly reduced the rate of precipitation of calcium 
carbonate and caused the individual crystals to take on 
irregular outward forms. They found also that metaphosphate 
was sorbed by calcium carbonate in amounts such that the Ca:P 
ratio attained a constant value of approximately 100 in the 
presence of metaphosphate concentrations greater than 0.6 
p.p.m. Their opinion was that the strong attachment of 
metaphosphate to the calcium carbonate surface inhibited the 
further deposition of calcium carbonate in the usual manner 
on the crystal faces. Further evidence is provided by the 
work of 01sen and Watanabe (1957), In which the relative 
sorption of orthophosphate on acid and alkaline soils was 
found to be 4.39 and 0.92 units, respectively. These values 
are average values and are in terms of phosphorus per unit 
of surface area. The values in the present study are based 
on unit mass of soil and not on surface area. 
To clarify the results of the present Investigation it 
would be necessary to conduct experiments which are designed 
ill such a way that orthophosphate resulting from conversion 
of nonorthophosphate can be distinguished from the orthophos­
phate present originally in the soil. Methods by which such 
a distinction can be made are not currently available. 
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VII. SUl'H-IARY 
Indications from field experiment s are that, as a source 
of phosphorus for plant growth, calcium metaphosphate f.id 
superphosphate differ in relative effectiveness among soils. 
The present investigation represents preliminary work on the 
hypothesis that these differences are associated with the 
relative sorption of metaphosphate and orthophosphate phospho­
rus by the various soils. The general procedure followed in 
the liorK with soils was to measure the concentration of ortho-
phosphate and nonorthopiiosphate phosphorus in solution before 
and after équilibration of various phosphate solutions with 
soils. 
Samples of different soils from midwestern and western 
United States were employed. In the experiments on phosphorus 
sorption, ^-gram samples of air-dry soil were equilibrated for 
2H- hours with water and then for 2h- or l6o hours at 5° 0. or 
room temperature with phosphate solutions, the phosphorus con­
tent of which was measured before and after contact with the 
soil. 
The sources of phosphorus employed included fertilizer-
grade materials produced by the Tennessee Valley Authority 
and reagent-grade chemicals. The original solutions derived 
from the nonorthopiio spha te sources contained upwards of o5 
per cent of the total phosphorus in nonorthophosphate forms 
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and the remainder as '^r t hophosphate. Quantities of the 
solutions were allowed to stand under the conditions of the 
soil, phosphate-solution mixtures for a period of time long 
enough to determine that conversion to orthophosphate during 
the tine of an equilibration with soils was not of such 
magnitude as to interfere with interpretation of reactions 
with soils. 
TTith varying proportions of orthophosphate and nonortho­
piio sphate phosphorus and a fixed total concentration in the 
solution added, an attempt was made to express the relative 
sorption of the two forms of phosphorus by the parameter _c in 
the equation, pn /(pn + p0)sorbed = £pn /(pn + Po) added] c. 
In this equation pn = nonorthopiiosphate, p0 = orthophosphate, 
and the units of both were micrograms of phosphorus per gram 
of soil. To take into account the indigenous soil orthophos­
phate, the labile soil orthophosphate found by isotopic 
dilution of P-^Oty. was measured and added to the orthophosphate 
in the original solution. This approach was employed for 
various total concentrations of phosphorus and for various 
soils. In most instances the model would not fit the data 
without adding arbitrarily an additional quantity of ortho-
phosphate. The reality of the need for this correction was 
indicated in some instances by the presence of more orthophos­
phate In solution after equilibration than before. Accelerated 
hydrolysis of the nonorthopiio spha te to orthophosphate in the 
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presence of soil and exchange of nonorthopiio sphate for 
orthophosphate not effective in diluting added P-';<-0ij. are 
two possible causes of the failure of the data to fit the 
model. The true cause, however, was not determined. 
Despite the foregoing difficulty there is little doubt 
of the existence of preferential sorption of n on or thoph o spha t e 
in most of the soils tested because the decrease in total con­
centration of phosphorus during contact with the soil was 
greater with solutions containing nonorthophosphate phorphorus 
than with solutions of the same phosphorus concentration 
containing only orthophosphate phosphorus. The preferential 
sorption of total phosphorus from solutions containing mostly 
nonorthopiio sphate over those containing only or thopho sphate 
differed among the various phosphate sources. The preferen­
tial sorption tended to increase with time in all soils, but 
especially in the acid soils. The preferential sorption was 
most marked in certain alkaline soils. The latter observa­
tions agree with the data of field experiments, which indicate 
that instances of poorer results with calcium metaphosphate 
than with superphosphate are found with greater- frequency on 
alkaline soils than on acid soils. 
99 
VIII. LITERATURE CITED 
Bass, G-. B., and Sieling, D. H. ( 195°) I-iethod for deter­
mining relative phosphate-fixing capacity of acid soils. 
Soil Sol. SQ:269-2oO". 
Bower, C. A., and G-schwend, F. B. (1952) Ethylene glycol 
retention by soils as a measure of surface area and 
interlayer swelling. Soil Sci. Soc. Amer. Proc. lb: 
;4-2-74-5. 
Brunauer, S. (19^3) Physical adsorption, Princeton, New 
Jersey, Princeton Univ. Press. 
Buehrer, T. F., and Eeltemcier, R. F. (19^0) Sodium 
hexametaphosphate-inhibiting action on precipitation 
of CaCO-% from ammoniacal solutions: II. Mechanism 
of the process with special references to the forma­
tion of calcium carbonate crystals. Jour. Phys. Chem. 
li-lj-: 552-574. 
Cole, C. V., Olsen, S. R., and Scott, C. 0. (1953) The 
nature of phosphate sorption by calcium carbonate. 
Soil Sci, Soc. A'aer. Proc. 17:352-35^ • 
Crowther, J. B., and Ivestman, A. E. R. (195^) The 
hydrolysis of the condensed phosphates: I. Sodium 
pyrophosphate and sodium triphosphate. Canadian 
Jour. Chem. 32:42-45. 
Davis, L. E. (1935) Sorption of phosphates by non-calcar­
eous Hawaiian soils. Soil Sci. 4-0:129-153. 
Dean, L. A. (1952) Uniform phosphorus experiments: Co­
operative studies on the fertility status of soils. (Unpublished research) U„ S. Dept. Agr., Bureau of 
Plant Industry, Soils and Agricultural Engineering. 
Mimeo. rent. Beltsville, Maryland. 
, and Rubins, E. J. (19^7) Anion exchange in 
soils : I. Exchangeable phosphorus and the anion-
exchange capacity. Soil Sci. 63: • 
Diclnnan, S. R., and Bray, R. H. (194o) Colorlmetric 
determination of phosphate. Ind. Eng. Chem. Anal. 
Ed. 12:665-668. 
100 
G-illlgan, G. î-1. (1941) The penetration and availability 
of Hctanhosphates in soils. Delaware Agr. Era. Sta. 
Bui. 22Ô. 
Kurtz, T., De Turk, E. E., and Bray, R. H. (1946) Phosphate 
adsorption by Illinois soils. Soil Sci. 61:111-124, 
Lav:ton, K., and Vomocil, J. A. (1954) The dissolution and 
migration of phosphorus from granular superphosphate 
in some Michigan soils. Soil Sci. Soc, Amer. Proc. IS : 
26-32. 
Low, P. P., and Black. 0, A, (1950) Reactions of phosphate 
with kaolinite. Soil Sci. 70:273-290. 
Mac In tire, tv\ H., Haru.in, L. J., and 01 chain, F. D. (1937) 
Calcium metaphosphate fertilizers: Chemical composi­
tion and properties. Ind. Eng. Chem. 29 :224-2J;4. 
McAuliff e, C. D., Hall, îl. S. , Dean, L. A., and Hendricks, 
S. 3. (1945) Exchange reactions between phosphates 
and soils: Hydroxylie surfaces of soil minerals. 
Soil Sci. Soc. Amer. Proc. (1947) 12:119-123. 
HcG-eorge, If. T. (1939) Factors influencing the availability 
of native soil phosphate and phosphate fertilizers in 
Arizona soils. Arizona Agr. Exp. Sta. Tech. Bui. 82. 
01 s en, S. R., Cole, C. V., Ifatanabe, F. S,, and Dean, L. A. 
(195^) Estimation of available phosphorus in soils by 
extraction with sodium bicarbonate. U. S. Dept. Agr. 
Cire. 93Q. 
, Schmehl, V.T. R., Watanab e, F. S., Scott, C. 0.. 
Fuller, I  ' J .  H., Jordan, J. V., and Xunkel, R. ( I95O; 
Utilization of phosphorus by various crops as affected 
by source of material and placement. Colorado Agr. 
Exp. Sta. Tech. Bui. 42 
, and VJatanabe, F. S. (1957) A method to deter­
mine a phosphorus adsorption maximum of soils as 
measured by the Langnuir isotherm. Soil Sel. Soc. 
Amer. Proc. 21:144-149. 
Pierre, W. H., and Norman, A. G-., eds. (1953) Agronomy IV: 
Soil and fertilizer phosphorus in crop nutrition. New 
York, Academic Press, Inc. 
Piper, C. S. (1947) Soil and plant analysis. Hew York, 
Interscience Publishers, Inc. 
101 
Richards, L. A., ed. (1554) Diagnosis and improvement of 
saline and alkali soils. U. S. Dept. Agr., Agr. 
Handbook Mo. 'So: 102. 
Rogers, H. T., Pearson, R. VI., and Ensminger, L. S. (1953) 
Comparative efficiency of various phosphate fertilizers 
In Pierre, VI. H., and Norman, A. G-., eus. Agronomy IV: 
Soil and fertilizer phosphorus in crop nutrition. 
1o9~242. New York, Academic Press, Inc. 
Russell, G-. C., and Lew, P. F. (1954) Reactions of phospha 
with kaolinite in dilute solution. Soil Sci. Soc. Amer 
Proc. 15:22-25. 
Schmehl, VI. R., 01 sen, S. R., G-ardner, R., Rornsdal, S. D . ,  
and Kunkel, R. (1955) Availability of phosphate 
fertilizer materials in calcareous soils in Colorado. 
Colorado Agr. Exp. Sta. Tech. Bui. 5&. 
Tisdale, S. L., and Winters, E. (1953) Crop response to 
calcium metaphosphate on alkaline soils. Agron. Jour. 
45:228-234. 
Volkerding, C. C. (1$42) A study of some chemical and 
biological properties of metaphosphates and their 
utilization as soil fertilizers. Unpublished Ph. D. 
Thesis. Ithaca, New York, Cornell Univ. Library. 
102 
IX. ACKNOUl^ DG-Si^ NTS 
The author expresses sincere appreciation to Dr. 0. A 
Black for his counsel during the investigation, for his 
suggestive criticisms of the manuscript, and for his acts 
encouragement throughout the period of association, 
Grateful acknowledgement is due also the Tennessee 
Valley Authority for funds supporting a part of this study 
